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TESTS OF THE DELAWARE RIVER BRIDGE FLOOR SLABS 


By the Division of Tests, United States Bureau of Public Roads. 


ONCRETE floor slabs, similar in all respects to 
C those used in the construction of the Delaware 
River Bridge at Philadelphia and which are of 
special and unusual design have been subjected to 
a complete set of tests by the Bureau of Public 
Roads in cooperation with the Delaware River Bridge 
Joint Commission. The slabs were designed to reduce 
to a minimum the weight of the floor system of the 
Delaware River Bridge which at the time of its open- 
ing was the longest suspension span in the world. It 
has a main span of 1,750 feet and two side spans of 
about 720 feet each or a total length, including 
approaches, of 1.8 miles. The main and side spans 
are supported by two main cables, each 30 inches in 
diameter, from which are suspended the stiffening 
trusses which, in turn, support the floor system. 

In a bridge of such magnitude it is obvious that the 
reduction of its dead weight to a minimum is a major 
feature of design. ‘The structure is primarily a high- 
way bridge and the dead weight is largely that of the 
highway deck. The design prepared for this portion 
of the structure, a reinforced concrete slab with a 
bituminous wearing surface, differed from previous 
practice to such an extent that tests were undertaken 
to determine the strength and behavior. These tests 
have confirmed theoretical conclusions as to the ade- 
quacy of the design and yielded data of value in design- 
ing similar floor systems. The tests were made at the 
Arlington Experimental Station of the bureau. 

BRIDGE FLOOR OF UNUSUAL DESIGN 


The main cables of the bridge are 89 feet apart. 
From them is suspended a floor system 125 feet 6 inches 
in width. In the center of this is a 57-foot roadway 
On each side of the roadway is space for two electric 
car lines, one inside and one outside of each of the 
stiffening trusses, which hang directly under the main 
cables. Overhead footwalks, 10 feet in width, are 
carried on cantilever brackets on the outside of the 
trusses. 

The floor system consists of steel floor beams riveted 
to each panel point of the stiffening trusses, these 
floor beams being 20 feet 6 inches center to center in the 
main span and 20 feet 8 inches center to center in the 
side spans. Longitudinal 18-inch I-beam stringers 
between the floor beams and spaced 3 feet 10 inches on 
centers support the concrete floor slab. Expansion 
joints are provided at every second floor beam. 

The floor slab rests directly on the stringers. It is 
designed for a concentrated wheel load of 15,000 pounds 
with an allowance of 50 per cent for impact. On the 
suspended spans it is 6 inches in thickness and is covered 
witha214-inch asphalt wearingsurface. The transverse 
or main slab reinforcement consists of Rivet-grip fabri- 
cated trusses spaced 6 inches on centers. The chords 
of these trusses are small rolled channels spaced 4% 
inches back to back and the web bars are flats rolled 
with projecting lugs on the sides. In the process of 
manufacture the web bars were first bent to the re- 
quired shape and then assembled with the chord chan- 
nels and passed through a press which caused the 
flanges of the channels to grip the lugs of the web bars. 

65630—27—1 


Reported by GEORGE W. DAVIS, Assistant Engineer of Tests 


The longitudinal slab reinforcement consists of 4%-inch 
round deformed bars spaced 6 inches on centers in the 
bottom of the slab and 12 inches on centers in the top. 
The reinforcement has a 34-inch cover top and bottom. 
The concrete used was a 1:14%: 3 mix.? 

The tests at Arlington were made upon two floor 
sections of similar design and approximately the same 
span length but of about one-third the width. The 
test slabs were supported by floor stringers resting upon 
concrete abutments instead of steel floor beams as in 
the bridge. Details of the test slabs are shown in 
Figure 1. All materials used in these slabs were iden- 


tical with those used on the bridge and from the same 
sources. 
The tests as run may be divided into two groups. 


The tests on the first slab were primarily proofing tests 
under both static loads and under impact to prove by 
actual physical tests that the slabs were adequate to 
withstand any probable loads to which they might be 
subjected. 

The tests on the second slab were made to show the 
effect of the consistency of the concrete on the strength 
of the slab and to provide more exhaustive data as an 
aid to the design of slabs of this type. In this report 
each slab will be treated separately. 


SCOPE OF TESTS ON FIRST SLAB 


Materials used.—The aggregates used were Dela- 
ware River sand and gravel from above Bordentown, 
a 4 
The steel used consisted of Rivet-grip 41%4-inch rein- 
forcing trusses and W%-inch round deformed bars. 
(Fig. 2.) Test samples taken from the upper and lower 
chords of the reinforcing trusses showed a modulus of 
elasticity of 30,000,000 pounds per square inch. 

The cement used showed a tensile strength of 315 
pounds per square inch at the end of 7 days, and 355 
pounds per square inch at the end of 28 days. Test 
cylinders from the concrete for the first slab showed a 
modulus of elasticity of 4,137,000 pounds per square 
inch and a compressive strength of 5,465 pounds per 
square inch at the end of 28 days, while at the end of 
235 days a compressive strength of 5,975 pounds per 
square inch was developed. 

Construction.—The slab was cast in a building which 
has a reinforced concrete floor 12 inches in thickness. 
This floor is supported on reinforced concrete beams 12 
inches square on 8-foot centers both ways, carried on 
columns at beam intersections. With the slab in place 
no measurable deflection of the floor could be found 
by measurement with an Ames dial reading to 0.0001 
inch, under a centrally applied static load of 30,000 
pounds. The steel I beams under the test slab rested 
on concrete abutments 1 foot thick and 3 feet high 
built directly on the floor. 

The mix used was 1:14%:3. The average slump 
was 2.9 inches using a 4 by 8 by 12 inch cone, and the 
average flow was 115. 

1 A more complete description of the floor system is contained in an article entitled 
“Reinforced Concrete Bridge Roadway on the Delaware River Bridge,’’ published 


in Concrete, vol. 30, No. 2, February, 1927 
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The concrete was mixed in a power-driven mixer for 
not less than two minutes, wheeled to the forms in 
wheelbarrows, dumped to a platform, and shoveled in 
place in the forms. The mixture was flowed into place, 
and air forced out by vibrating forms and reinforce- 
ment with an electric hammer provided with a flat- 
nosed bit and delivering 3,600 blows per minute. The 
slabs were covered with wet burlap immediately after 
the placing was completed. The forms which were wet 
before the concrete was placed were removed at the 
end of 24 hours. The burlap and the bottom of the 
slab were kept wet for seven days. The slab was 28 
days old before any loads were applied to it. 

uring the tests on the first slab the following 
measurements were made: 

a. Deflection of the slab and the I beams under static loads. 

b. Deformations in the slab and in the I beams under static 
loads. 

c. Deformations in the reinforcing trusses under static loads. 

d. Spread of the two center I beams under static loads. 

e. Deflection of the slab under impact. 

jf. Deformations in the slab and in the I beams under impact. 


TEST INSTRUMENTS DESCRIBED 


Static loads.—All static loads were applied at the 
center of the slab with a 150-ton hydraulic jack, which 
rested on a cast-iron block, which in turn rested on a 
rubber cushion consisting of three segments of a 30 by 
4 inch solid rubber tire. 

These tire segments were set in the direction of 
traffic (parallel toI beams). The jack reacted through 
an iron strut against two overhead I beams, 18 inches 
in depth, which were anchored to the foundations of 
the building by suitable steel work. The magnitude of 
the load was determined through the measured deflec- 
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tion of acalibrated beam. This deflection was measured 
with a 0.0001-inch Ames dial, the stiffness of the beam 
being such that one division on the Ames dial indicated 
a load of 185 pounds. Freedom of movement of the 
rider bar (fig. 3) on the calibrated beam and proper 
contact of the stem of the Ames dial was insured by 
vibrati*n of the rider bar with an electric buzzer as the 
load was applied. Details of the static loading device 
are shown in Figures 3 and 4. 

Deflections—Deflections of the slab were determined 
by measuring the distance between gauge points on the 
bottom of the slab and I beams and corresponding 
points fixed on the concrete floor beneath with a wooden 
staff provided with a metal shoe at the lower end and 
an Ames dial at the upper end. The gauge points on 
the slab were small brass blocks, in which conical 
depressions had been drilled. These blocks were cast 
in place in the slab during construction. 

The gauge points in the I beams consisted of conical 
depressions drilled in the I beams. The fixed points on 
the floor were similar conical depressions drilled in 
strips of 1 by 4 inch steel bolted and grouted to the 
floor. <A pair of steel blocks with like conical depres- 
sions were set into the concrete abutment at a fixed 
distance apart to serve as a standard to permit a check 
of the staff during the progress of the measurements. 
The layout of deflection points is shown in Figure 5. 

Deformation and stress——The deformations in the 
concrete and I beams were measured with 6-inch 
graphic strain gauges. This small device * has a sys- 
tem of levers so arranged as to magnify any movement 
of the gauge points at its ends about 75 times and 


2 More detailed inform ation re Rar’ ling this gauge an: id its operation may be found ir 
the Engineering News-Record of Mar. 29, 1923, 






































66 33. ry 2 6-\8 <5 4-21 
r ’ ~# 7 
4 meres ; ; } =e ey: == pe 
B== EUeeaSaEaELESaLaGaELaEeeEaeEaeaeneese = On 
| | a ae ee ete tt tt S34 st tttt coal r+it+4 od 
|| Peer eee Pt eet = aes 7 
(oe eee es ee gS Ee See pe ayia ene ae nee 
oe SS caee (eS. ar Sa Oo PP a Oe 
| ia fittiitottttt tatoo 
= as Daifinadh aS = - + . »F ATERIA 
Beteeeasneeseseecrasesensanscsscensaaeaal = Be 
+> Samy : a t f4-L 4-4 44-4-f- papa baptp=k 4-7 eo ie => i STRUCTURAL STEEL 
TT TF ee = pts et peas ee bl a ae FT T] pee eet eee ee 
| | | | a » 
tiTr ne eee: ee oe at at ae Sag cbse ey a hm gap gs ks aa 
saan 1 By 1 2 a et — a4 em + $2 aw aD 
} pe pesooeesooee eS ec oes ceec ee Sse se 
1] | | l r | 
| awa SSS ERS at hy ae he at oh tp 
«e + BISSS $acesesaresase= {--4-;4-th : 
w aS toh —\~ top d— 4a tee on eet ey me wm Oh te sie Seal aalien ten aed ale a ae = 7 <= 1 REINFOR 3 TEE 
b= 4 {—} fh h-hh +--+ —-,-L,-} 4-f . me L 
¢ TT e3 Jo5t4-F yo ty ty et et rT 
3 tttsgstty pty tet ttt prrfllissp ly lt ¢ 
a a a a a a a ee re ee 
eo” | | | ' 
4 ee et ttt tt 
8 | are -—+ ++ +-+77-+-7 ¢~t-T T+ +4444 REREREDE 
a i Sc ee ee ed doe Oe = 
; Beet ESS SSRESE ET CoEeeeeaeeaeasesel =i 
SS a ets = Se 
See oe 9 ok ee ng a ek ome 2 a er Oe 
EA 8 Ot SS a no Se a a et eA SA OT 
jt 1444145414544 PSR Se ease eers 
| aj 44+ _ —+—+—+—-l-} OU Re age sae 4 J —j— —4 —py7-7 + _ 7 " a 
— Tt tte mttitr +—t—+ 4 \-F ; . 
| J i : | . i 
EEE EE EEE PEER ERE EE SEE ERS he “see a Sar 
| PPP ters ett eee ee ~ ff \ / 
s S$ +t eee tir t44 TTT = | ae \ ff \ 4 
j ray I | ! 
SS sates rrr Seer ees eeawes Tutt P 
| | SGRRERERALRAGERRELEEEE =e. tt EEE | “een ee ee 
. 4 aS Sear e balls | cee San 
; iets aa ert to teeta eawroncine, Tmise 
| | TEE St et Et tt a7 
| ppaspehaa a Heat th 
21-6 - ; : : 
9-0 fi 
= a Pe Sakg eines | T 
| | 
—_ 7a 


Fic. 1.—DeEsIGn or T 





EST SLAB AND SUPPORTS 
































October, 1927 





Fic. 2.—REINFORCING IN PLAcE For Test SLAB 





Fig. 3.—Sratic Loapinc Devicr— 
4=rubber cushion. F=calibrated beam 
B=cast-iron block G=rider bar. 
C=hydraulic jack H=buzzer. 

D=strut J= Ames dial 
E=knife-edge. J=overhead I beams 


records the movement on a smoked glass. It can be 
used to measure both contraction and expansion and 
the smoked glass can be adjusted to record several 
successive movements of the gauge points. The 
graphic record on the glass can be measured with 
suitable microscope equipment or may be projected on 
& screen with rectangular coordinates and the actual 
gauge point movement determined from measurement 
and the known constants of the instrument and pro- 
Jection apparatus. 
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Fic. 4.—APPARATUS 
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Gauges were placed on both bottom and top of slab 
and also on the webs of the I beams. The gauges on 
the slab were set between brass plugs set in the con- 
crete. Those on the I beams were located 7 inches 
above and 7 inches below the axis of the beams and 
were set between brass plugs attached to the webs of 
the I beams by small bolts passing through the webs. 
Two 4-inch strain gauges were set at the center points 
on the bottom of the two center reinforcing trusses, 
between brass bearing plugs bolted to the lower chords 
of the trusses, slots being cut through the concrete to 
the steel. The layout of graphic strain gauges is 
shown in Figure 6 and some of them can be seen in 
Figure 4 

Spread of center I beams.—The spread, or the amount 
that the two center I-beam stringers were forced apart 
at their midspan by static loads, was measured by two 
wooden rods, each with an Ames dial mounted at one 
end and placed horizontally between the two I beams. 
Conical depressions were drilled in the webs of these 
I beams at the center of their span 3 inches below the 
top and 3 inches above the bottom of the beam, or on 
12-inch centers. A wooden staff with a metal shoe 
on one end and an Ames dial on the other was placed 
between the two upper depressions and another similar 
staff between the two lower depressions. Both rods 
were supported by a framework attached to the I beam 
in such a way that they might move with the beams as 
they deflected. 

Impact.—Impact was applied to the center pcint of 
the slab with the impact machine which has been used 
on previous research by the Bureau of Public Roads.* 
This machine consists of a framework of structural 
steel on which is mounted a truck wheel fastened to a 
truck spring. Jackscrews at the corners of the frame 
and an electric motor suitably geared to two cams 
allow this wheel to be raised and suddenly dropped 
any desired distance. The sprung weight may be 
varied by changing the spring tension with two adjust- 
ing screws, while the unsprung weight may be varied by 
increasing or decreasing the weight of the free falling 
5, No. 2, 


$ See Public Roads, vol April, 1924. 
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Fic. 6.—Layrout or Grapuic Strain Gauces IN Top ANvy Borrom or First SLAB 


portion of the machine. For these tests a 36 by 6 inch 
solid rubber tire was used with both a 5-ton Pierce- 
Arrow truck spring and a 7)%-ton Mack truck spring. 
The magnitude of the impact pressure was determined 
with a Bureau of Public Roads’ coil spring accelero- 
meter.* A general view of the impact machine is 
shown in Figure 7. 


~ 4 See Public Roads, vol. 5, 10, December, 1924. 


Deflection under impact.—In the measurement of the 
deflection of the slab under impact use was made of the 
same deflection points, both on the slab and the floor, 
that were used under static loading. Wooden rods 
with a metal shoe at the lower end and an Ames dial 
at the upper end were set up at selected deflection 
points, immediately under and surrounding the point 
of impact. Around the stem of each of these dials : 



































PUBLIC 


October, 1927 








UsEep Impact TEsTs 


SLAB 


MACHINE 
ON 


Tue Impact FOR 


CENTER LINE NORMAL TO | BEAM 




















LINE 60" FROM ABOVE ENTER LINE ANO PARALLEL THERETO 
eee ae a) ae gee 
eo 
(5) indicates deflection point 
Fic. 8.—Derr.ectTion oF First StAB UNDER Static LoAp- 
ING Brerore IMpAcT 
brass collar, fitted with a set screw, was placed. This 


set screw was tightened sufficiently to overcome, or 
choke, the action of the spring within the dial, but not 
to such an extent as to prevent movement of the plunger 
in the dial under a blow. The rods were set in place 
and all dials set at zero with the wheel of the impact 
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Fic. 9.— DEFLECTION oF I BEAMs FOR 7,500, 15,000, 20,000, 


22,500, 25,000 anv 30,000 Pounp Loaps APPLIED BEFORE 
SLAB WAS SUB-ECTED TO IMpacT. MEAN VALUES OF DE- 
FLECTIONS SHOWN ON CURVES 


machine on the slab. The wheel was then raised free 
of the slab and the rise of the slab due to the release 
of sprung load or wheel pressure was measured by 
pushing the plungers of all dials up against the slab 
with the finger. The wheel was then dropped and the 
deflection of the slab due to the impact blow was read 
on the choked dials. 


TEST PROGRAM ON FIRST SLAB 


Static loads in increments of 7,500 pounds up to 
30,000 pounds were applied at the center of the slab. 
Deflection readings and strain-gauge records both in 
the slab and in the steel were made for each increment. 
The load was removed by decrements of 2,500 pounds 
and deflection readings at the center of the slab and 
at the centers of the two center I beams were taker. as 
a measure of the hysteresis or lag of the slab. After 
an interval of at least 12 hours, to allow complete recov- 
ery of the slab, the same series of loads was again applied 
and similar data taken. This program was repeated 
and several sets of readings were secured which agreed 
within close limits. Within this limit of loading no 
cracks or signs of distress were apparent. 

Mean values of deflection are shown in Figures 8 
and 9. Deformations in the slab and stresses in the 
I beams and reinforcing trusses are shown in Figures 10, 
11, and 12. Hysteresis or lag is shown in Figures 13 
and 14. 

The impact machine was then set up with the wheel 
over the center of the slab (point 51) and a series of 
blows delivered. These blows simulated one rear 
wheel of a 5-ton truck carrying a 21%-ton or a 5-ton 
load and dropping 4%, 1, and 1% inches. The force of 
these impact blows was determined by means of the 
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accelerometer. Deformations in both the top and the 
bottom of the slab were measured with graphic strain 
gauges. These data are shown in Table 1 and Figures 
15, 16, 17, and 18. 
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Fic. 16 DEFORMATIONS IN SLAB ALONG Axis NORMAL 
ro I Beams Due To Impact Buiows or 5-ToN TRUCK 
WITH 5-TON LoapD AND Drops oF 4, 1, AnD 1% INCHES 


The spring on the impact machine was then adjusted 
to simulate a 714-ton truck with a 4%-inch drop and a 
series of 1,000 blows was delivered. Deflection read- 
ings were taken at the beginning of the run, at the end 
of 250 blows and at the end of 1,000 blows as a measure 
of the fatigue of the slab under continued impact. The 
impact machine was then removed from the slab and 
deflections were read as a measure of the permanent 
set. The results of these measurements are shown in 
Figure 19. Deflection of the slab under these impact 
blows in the immediate vicinity of the point of impact 
was recorded by means of choked dials, and the data 
are shown graphically in Figure 20. 

The impact machine was then moved to a quarter 
point of the slab centrally between I beams (point 6). 
A series of 3,000 blows was delivered at this point with 
a 15,000-pound wheel load and a %-inch drop. 
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“— [7 ae men, oF ose Tee - Graphic strain gauge readings were made on adjacent 
as 4 - TON CARGO , = a 
a “Tap semen I-beam stringers, the gauges being 7 inches above and 
a4 —- £ ei 2suBs 7 inches below the axes of the beams and opposite the 
” 7: 7 . . . . - 
2 i: \eoes point of impact. Readings were taken at intervals of 
eS oe ee ee sad ad 500 blows. The data from this test areshown in Table 2. 
40 | A series of deflection readings on points 2 to 10 under 
a re a ee impact was made at intervals of 500 blows using choked 
Pe | | | hh & Ames dials. No marked variation in deflections was 
oa—}—J is | a found during the series of blows. Mean deflections as 
ad found are shown in Figure 21. 





Fic. 17.—DeEFoRMATIONS IN SLAB ALONG AxIS PARALLEL 
to I Beams Due to Impact Biows or 5-Ton Truck 
witH 214-ToN Loap aNnpd Drops or W%, 1, anv 1% 
INCHES 


TaBLe 1.—Mazimum stresses developed in reinforcing trusses 
under impact at center of slab (graphic strain gauges 15 and 87 
set on bottom of two center_reinforcing trusses directly below point 
of impact) 


Stress in steel in 


pounds per square Deflec- 
Blow from onerear wheelof inch Impact tion of Date 
5-ton truck , blow center of ; 
slab 
Gauge 15 Gauge 37 
Inches Pounds Inches 
ae al 2, 160 i 1 ae: Nov. 20 
Sprung weight 3,500 pounds F . rs baa a 
(2%-ton cargo); unsprung oe eeenes 2340 6065 0 03 | N ~ 
weight 1,943 pounds ---__-_. tee, aos 2, 340 0.03 | Nov. 23 
° 1 4, 370 5, 850 0 Do. 
1% 8, 250 9, 900 10 Do. 
jae eee) OOO bcc cucaue Nov. 20 
Sprung weight 5,950 pounds | },, --------- oo o 
(Ston cargo); unsprung ) 's2 -5é50 4050 8| Nov-23 
weight 1,963 pounds...-.-.| 8.330 9,000 10} Do 
14 12, 350 13, 050 15 Do 





The attempts made to measure any possible progres- 
sive deformation of the slab caused by repeated impact 
at this point were unsatisfactory. Due to the eccentric 
position of the point of impact there was a tendency on 
the part of the slab to continually shift its position on 
the abutments. Although this movement was small it 
was sufficient to cause so great a variation between the 
relative positions of the deflection points on the slab 
and floor that small changes in the slab could not be 
measured. 

At the end of 3,000 blows very fine hair cracks had 
developed radially directly under the point of impact. 
These cracks developed for a length of about 6 inches 
during the first 300 blows and the remainder during the 
first 2,500 blows. From then on no further cracking 
was apparent nor did the existing cracks widen. 
Sketches of these cracks are shown in Figure 22. 

The impact machine was then moved to quarter point 
24 and a similar series of 3,000 blows with an average 
drop of 114 inches was made. In order to keep the 
impact machine in place it was necessary to add 2,060 
pounds additional weight to the frame, thus increasing 
its dead weight from 14,580 pounds to 16,640 pounds. 
Due to the severe impact developed by this drop it 
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CURVE A EQUALS DEFLECTION OF SLAB 


Represents Deflection Poi nts 


Fic. 19.—Errect oF REPEATED Impact BLows ON DEFLEC- 
TION OF SLAB. Pornt oF Impact AT CENTER OF SLAB. 
CurvE A REPRESENTS DEFLECTION OF SLAB UNDER 
Weicut or Impact MacuineE+ WHEEL Loap (14,580+ 
15,000 Pounps). Curve B REPRESENTS DEFLECTION OF 
Stas UNDER ABOVE Loap AFTER 250 BLows oF 21,080 
Pounpbs, WHEEL Loap 15,000 Pounps, UNspruUNG WEIGHT 
2,060 Pounpbs wiTtH A %-1ncH Drop. CuRVEC SAME AS 
CurveE B Arter 1,000 BLows. On REMovING MACHINE 
FROM SLAB, RECOVERY WAS ALMOST COMPLETE. CURVE 
D REPRESENTS PERMANENT SET AFTER Impact MACHINE 
Was REMOVED. 


was found necessary to guy the impact machine to the 
I beams at the corners of the slab. The entire slab, 
including the I beams, crawled diagonally on the abut- 
ments as impact blows were applied. During the first 
400 blows this movement amounted to 34 inch parallel 
to the I beams and 1 inch normal to the I beams. 
Measurements in this series were restricted to stresses 
in the I beams adjacent to the point of impact and to 


TABLE 2.—Stresses caused by impact in I beams at gauge 
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n due to wheel load. 
B=total deflection under impact. 
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Fic. 20.—DEFLECTION oF SLAB DveE To Impact aT CEN- 
TEROFSLAB. UNSPRUNG WEIGHT2,060 Pounps. WHEEL 
Loap 15,000 Pounps. AvERAGE Impact BLow 21,080 
Pounps. AVERAGE Drop % Incn. FiGurEs DENOTE 
MEAN DEFLECTIONS IN THOUSANDTHS OF AN INCH 


deflections under impact. An increase in deflection of 
the slab under impact was found as the series of blows 
progressed. The deflection of the slab under impact 
is shown in Figure 23. 

Fine radial hair cracks developed directly under this 
point of impact as at point 6. These cracks appeared 
for the most part during the first 600 blows and showed 
no increase in extent or width at the end of 3,000 blows. 
A sketch of these is shown in Figure 22. 

The entire slab was loosened on the I beams and both 
slab and I beams had moved two inches at the end of 
the run. The slab was then jacked back to its original 
position on the abutment and static loads were again 
applied at the center in increments of 15,000 pounds up 
to 75,000 pounds, the safe limit of the loading device. 
Mean values of several check sets of deflection readings 
are shown in Figures 24 and 25. 

Several sets of graphic strain gauge readings were 
taken on the two center I beams adjacent to the point 
of load with results as shown in Figure 26. 

The effect of the impact tests on the load-deflection 
relations of the slab is shown in Figure 27. 

Figure 28 shows the deflection set caused by 60,000 
and 75,000 pound static loads applied after the impact 
tests had been completed. 


points 





IMPACT AT POINT 24 
At end of blow 4 30 100 300 400 500 600 700 ,000 1,500 2,000 2,500 3,000 Mean 
Pounds Pounds Pounds Pounds Pounds Pounds P ds Pounds Pounds Pounds, Pounds Pounds Pounds, Pounds 
Top I beam 2, gauge 41_ _- a . 5, 160 5, 260 6, 120 4, 460 6, 230 6, 860 0, 910 7, 500 7, 190 7, 300 7, 500 7, 050 7, 560 6, 850 
Bottom I beam 2, gauge 22 8, 350 7,970 8, 850 9, 730 8, 560 7, 000 7, 67¢ 7, 350 7, 400 7,300 | 6,770 6,040 7,776 7, 760 
Top I beam 3, gange 5 5, 680 6, 070 6, 650 5, 880 6, 510 6, 280 8, 3 6, 500 6, 100 6, 200 6,250 6,150 5, 140 6, 290 
Bottom I beam 3, gauge 77_........_--- _..-- 11,800 15,980 17,080 15,950 18,540 16,900 7, 980 17,400 18,020 | 13,820 13,330 14,500 15, 780 
Frame of impact machine weighted with 2,060 pounds. Dead load =14,580+2,060=16,640 pounds. Unsprung weight, 2,060 pounds. Wheelload=15,000 pounds. Stresses 
read at end of impact blow. Average blow, 40,750 pounds. Average drop, 144 inches. 
IMPACT AT POINT € 
500 +,000 1,500 2,000 2,500 3,000 Mean 
= Pounds Pounds Pounds Pounds Pounds | Pounds | Pounds Pounds 
Top I beam 2, gauge 41 1, 304 2, 631 2, 331 1, 598 2, 431 2, 465 3, 060 2, 250 
Bottom 7 SS Sen ACE ee ae 4, 850 3, 293 3, 782 2, 880 3, 707 3, 734 4, 880 3, 875 
ce OS RS ET GO SET SE 3, 284 2, 97 3, 020 2, 385 2, 650 2, 570 3, 683 2, 940 
Bottom I beam 3, gauge 77 2, 414 3 3, 800 3, 19. 2, 948 3, 230 5, 640 3, 510 


Dead load =14,580 pounds. Unsprung weight, 2,060 pounds. 
age drop, five-eighth inch. 


65639—27 2 








Wheel load, 15,000 pounds. 


Stresses read at end of im] 


ict blow. Average blow, 27,030 pounds. Aver- 
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A=deflection due to wheel load 
B=total deflection under impact 
5) =deflection points. 


Fic. 21.— DEFLECTION oF SLAB DuE TO IMPAcT AT QUARTER 
Point No.6. UNsprunG WEIGHT 2,060 PouNps. WHEEL 
Loap 15,000 Pounps. AveraGce Impact BLow 27,030 
Pounps. AvEeRAGE Drop 5 INcn. Ficures DENOTE 
MEAN DEFLECTIONS IN THOUSANDTHS OF AN INCH. 


BLOWS DELIVERED DIRECTLY OVER POINT 6 3000 BLOWS = DROP AVE BLOW 27030" 








1000 f000 } 
=¢ 
at) ame PT 3 
+ +-—to5+—t = 4 i 
ST | |S fp00) oe 300) 10010 Jarl 


NOTE FIGURES SHOW NUMBER OF BLOWS AT WHICH CRACKS APPEARED 


BLOWS DELIVERED DIRECTLY OVER POINT 24 
3000 BLOWS. if’ DROP. AVE. BLOW 40750° 


oe 
perce a aeae - SSR A 1S ee A 
see Yi20 eel 








haa +t 








Fic. 22.—Sketcues SHow1nc Crack DEVELOPMENT AS A 
ReEsvutt or Impact Biows on Pornt 6 AND Point 24 


Check measurements of the spread or tilting of the 
I beams under 15,000-pound load increments were made 
as described on page161. Figure 29 shows that, in spite 
of the fact that the slab had been loosened from the 
I beams, the I beams spread or tilted enough to allow 
their flanges to follow the deflection of the slab. 
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Fig. 23.—DEFLECTION OF SLAB DvE To IMPACT AT QUARTER 
Point 24. Unspruna WeiGcut 2,060 Pounps. WHEE! 
Loap 15,000 Pounps. AVERAGE Impact Biow 40,750 
Pounps. AVERAGE Drop 14% Incues.. Fiaures De- 
NOTE MEAN DEFLECTIONS IN THOUSANDTHS OF AN INCH. 


Fine hair cracks as shown in Figure 30 developed 
under static loads of 60,000 to 75,000 pounds. These 
cracks were very fine and showed no increase in extent 
or width under repeated loading. ag 

On the removal of the slab one of the reinforcing 
trusses was broken out of the slab and it was found 
that in spite of the dry mix used, about 90 per cent of 
the spaces in the upper chord channels were filled with 
concrete. 

TESTS ON SECOND SLAB 


The materials used in the construction of the second 
slab were identical with those used in the first slab 
The cement showed a tensile strength of 300 pounds 
per square inch and 415 pounds per square inch at the 
end of 7 and 28 days, respectively. Concrete test 
cylinders developed a modulus of elasticity of 2,883,000 
pounds per square inch and a compressive strength of 
3,560 pounds per square inch at the end of 28 days. 

The methods of placing and curing were the same in 
both slabs. The mix was the same, except that the 
water content was increased, an average slump of 
8.7 inches with a 4 by 8 by 12 inch cone, and an average 
flow of 154 being maintained. 

In the tests on the second slab the following measure- 
ments were made: 


a. Deflection of the slab and of the I beams under static 
loads. 

b. Deformations in the slab 
loads. 

c. Spread of two center I beams under static loads. 

d. Reactions at one end of the I beams. 


and in the I beams under static 


In testing the second slab measurements were to a 
great extent confined to one quadrant as it was found 
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Fic. 24.—SLtaB DEFLECTION UNDER JNCREMENTS OI! 
Static LoapING up TO 75,000 PouNps. LoApbING 
APPLIED AFTER Impact TESTS 
from the first slab that all four quadrants behaved 


symmetrically. 

Static loads were applied at the same point and in 
the same manner as in the first slab, except that a 
circular steel plate 12 inches in diameter and %% inch 
thick and a cushion of 3¢-inch rubber packing were sub- 
stituted for the cast-iron block and tire sections used on 
the first slab, thus giving a more definite area of load. 

Deflections were measured by wooden rods fitted 
with metal shoes on the lower end and Ames dials at 
the top set permanently between the gauge points on 
the slab and on the I beams and those on the floor. 
(Fig. 31.) The layout of deflection points and graphic 
strain gauges is given in Figure 32. 

Deformations in the slab and stresses in the I beams 
were determined by graphic gauges attached as in the 
previous slab. No stresses were measured in the rein- 
forcing steel in the second slab. 

The spread of the two center I beams was measured 
by the same method as in the first slab, except that 
two Ames dials were used on each staff, one at either 
end. 

The apparatus used in the measurement of the end 
reactions of the I-beam stringers consisted of a 2 by 
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Two CentER I BEAMS UNDER Static Loap APPLIED AT 
CENTER OF SLAB 
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Fic. 27.—Di1aGram SHOWING LOAD-DEFLECTION RELATION 
FOR Sratic Loaps APPLIED BEFORE AND AFTER IMPACT 
TESTs 
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Fic. 29.—SKETCHES SHOWING SPREAD OF THE Two CENTER 
I BEAMS UNDER VARIOUS Static Loaps 
































October, 1927 


PUBLIC 








Edge of I 4 
a Se \ os? \/ gf | Sg 
\\ ; bw é i 
3 + -} ps 
= eee ee ae a 
“ \ , V / ee ee 
a Pa = eS ee ~en | % 
ee 4 — ea aS SS Se 
r ‘ TOO - —~ 
o _ 
| pe + a ae x 
x ~, . 
17 A & \ 49 “<= =U 
- i585 - \ 
Edge of 13 
Wig. 30.—SHOWING CRACKS WHICH BECAME VISIBLE UNDER 


LOADING Point Upon APPLICATION 
From 60,000 To 75,000 PouNnpbs 


oF Static Loaps 


ROADS 


171 


4 inch steel beam, 20 feet long, rigidly supported on 
edge directly above the ends of the I beams by struts 
resting on the concrete abutment. (Fig. 4.) Six sus- 
pension rods of 5-inch round manganese steel were 
attached to this beam at their upper ends and to the 
I beams by suitable stirrups at their lower ends. Nuts 
at the upper end of these suspension rods permitted 
them to be shortened, thus takiug up the load of the 
I beams. On opposite sides of the suspension rods 
gauge points on 15-inch centers permitted the elon- 
gation of the rods under load to be measured with a 
15-inch Berry strain gauge. Each rod was calibrated 
and from the mean elongation of the two sets of gauge 
points the load on each I beam could be determined. 
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Fic. 32.—Layout oF DEFLECTION PoINnTs AND GRAPHIC 
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Fic. 34.—DEFLECTION oF SECOND SLAB UNDER DIFFERENT 
Static Loaps APPLIED AT THE CENTER 
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Fic. 35.—DEFLECTIONS OF SECOND SLAB UNDER DIFFERENT 
Sratic Loaps APPLIED AT THE CENTER 


The procedure was as follows: 

Wooden rods with Ames dials at their upper ends 
were set under the deflection points at the ends of I 
beams, nearest the suspension rods. These deflection 
dials were set to read zero. Several sets of initial read- 
ings were taken on each suspension rod with these rods 
loose. The suspension rods were then shortened suf- 
ficiently to allow the bearing plates to be slipped from 
beneath" the I beams and the rods were then adjusted 
to bring the Ames dials to zero or their original position 
with bearing plates in place. Strain gauge readings 
were now taken on each suspension rod as a measure 
of the dead load of the slab. Static loads were then 
applied and each time the dials under the ends of the 
I beams were adjusted by means of the suspension rods 
to show the same deflection of the I beam that appeared 
under static load with bearing plates in place. Strain 
gauge readings were then taken as a measure of the 
reactions produced by static loads. 


PROGRAM FOLLOWED FOR SECOND SLAB 


Five check sets of deflection readings were taken for 
static loads, applied at the center of the slab, of 22,500, 
31,250, and 40,000 pounds. Radial cracks as shown in 
Figure 33 developed under the two larger loads. The 
mean values of the deflections as measured are shown in 
Figures 34 and 35. 
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31,250, 


Check sets of graphic strain gauge measurements 
were made in the top and bottom of the slab. As in 
all of the strain gauge measurements on this slab the 
recorded deformations were erratic. It is thought that 
this is due to local stresses rather than to any fault in 
the gauges or the technic. When the second slab was 
built it was necessary to remove bows in the reinforcing 
trusses by wiring the trusses to the forms. After the 
concrete set up, this distortion of the trusses must have 
produced some stress in the concrete which would tend 
to disturb the measured deformations, particularly 
under the smaller loads. Deformations are shown in 
Figure 36. 

Six sets of measurements of the spread of the I beams 
were made under the above static loads with results 
as shown in Figure 37. 

Five sets of reaction measurements at one end of 
the I beams were then made for each of the above 
loads. Reactions were also measured for loads from 
2,000 pounds to 30,000 pounds by increments of 5,000 
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Fic. 37.—Sk1 1 SHOWING SpREAD OF Two CENTER I 
BEAMS UNDER Static LOAD DURING TEST OF SECOND 
SLAB 
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Fic. 38 


I-BEAM Ri 


ACTIONS AS MEASURED FOR LOADS 


oF 22,500 anp 40,000 PouNnps. REACTIONS FOR ‘THE 
22,500-pouNp LoapinG ARE THE MEAN OF FIVE SETS 
OF READINGS AND FOR THE 40,000-PouND LoapiING 
FROM ONE Set. THE ComMputep REACTIONS ARE 
DERIVED FROM DEFLECTIONS OF I BEAMS UNDER LOAD 
WHILE RESTING ON SHIMS 

pounds. Results of reaction measurements are shown 


in Table 3 and Figures 38, 39, and 40. 

Check sets of slab deflections were then measured for 
static loads of 30,000 to 75,000 pounds in 15,000-pound 
increments with results as shown in Figure 41. Under 
the 75,000 pound load cracks as developed by the 
40,000-pound load were slightly increased, as shown in 
Figure 33. These cracks were hair cracks and of no 


serious importance. 
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LOAD AT CENTER - THOUSAND POUNDS 
Fig. 39.—VARIATION OF Sum oF MEASURED REACTIONS 
FROM THEORETICAL VALUES 
TABLE 3.—Reactions as measured at I beams for 5,000-pound load 
increments 
[Computed dead load, 37,500 pounds] 


I beam No. Difference 


between 


Loading Total true -_ 
P P > measurec 

1 2 3 4 6 reactions 

Pounds | Pounds | Pounds Pounds Pounds Pounds Pounds Pownds Pounds 

Slab only | 2,560 | 4,560 2,500 5,690 125 | 4,625 | 20,060 |............ 

| 5, —310 440 440 875 685 —310 1, 820 —680 
10,000 | —250| 1,125 1,060) 1,690| 1,000 -—125 | 4,500 —500 
15, 000 —250 1, 750 1,560 2,810 1, 500 —190 7,190 —310 

20, 000 —310 1,690 2,560 | 3,440 1, 875 —565 8, 690 —1, 310 

25, 000 | 440 2, 125 2, 875 4, 435 2, 44( —375 11,060 —1, 440 
30,000 | —250 2, 250 4,190 5, 125 2, 810 —310 13,810 —1,190 





RESULTS INDICATE THAT SLABS ARE ADEQUATE FOR DESIGN LOAD 


Regarding these tests purely as a measure of the 
ability of the floor system to perform safely the duties 
imposed on it, the following facts are evident. 

The design load assumed for the floor slabs was a 
15,000-pound static load plus a 50 per cent allowance 
for impact, or a total load of 22,500 pounds. The 
first slab under a static load of 30,000 pounds, which is 
one-third greater than the design load, showed no 
signs of distress or permanent set. 

Under loads of 22,500 pounds and 30,000 pounds the 
maximum indicated stresses in the reinforcing steel of 
the first slab directly under the point of load were 
8,550 and 11,000 pounds per square inch, respectively, 
based on the measured value of E of 30,000,000 pounds 
per square inch. 

Referring to Figure 26, it will be seen that for a 
static load of 30,000 pounds the maximum measured 
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‘1a 40.—I Beam Reactions as Measurep For 5,000- 
PoUND Loap INCREMENTS FROM 5,000 To 30,000 PouNbs 


deformations in the I beams indicate a stress of 4,500 
pounds per square inch in the steel, at the gauge points, 
based on a measured value of E£=30,000,000 pounds 
per square inch. If a straight line variation of stress 
across the I beam is assumed, the indicated maximum 
fiber stress is 5,600 pounds per square inch at the 
extreme fiber. 

Four sets of strain gauge readings in the concrete 
on the upper surface of the slab, one typical set of 
which is shown in Figures 11 and 12, indicate that the 
22,500 and 30,000 pound loads caused maximum com- 
pressive stresses of 470 and 580 pounds per square 
inch, respectively, along the axis normal to the I 
beams, while along the axis parallel to the I beams 
maximum compressive stresses of 930 and 1,210 pounds 
per square inch were created by the same two loads. 
These are the maximum stresses indicated in any of the 
four sets of measurements and not the maxima indi- 
cated by the single set shown in Figures 11 and 12 

Slight negative bending moments are indicated in 
the top of the slab directly over the I beams and along 
the center line of the slab normal to them, and if it can 
be assumed that no cracking occurred in the concrete, 
the deformations measured would indicate tensile 
stresses in the concrete of 130 pounds per square inch 
and 160 pounds per square inch for the 22,500-pound 
and 30,000-pound loads, respectively. 

Although deformations equivalent to maximum 
tensile stresses in the concrete of 1,900 and 2,400-pounds 
per square inch were found in the bottom of the slab 
at the center under the above static loading the rein- 
forcing steel was ample and no visible cracks developed. 
The loadings referred to were static. 

Fatigue due to the dead load of the impact machine 
of 14,580 pounds plus repeated impact Sows of about 
21,000 pounds was apparent but recovery was almost 
complete after an interval of rest. 

Under an impact blow of about 29,000 pounds a max- 
mum stress of somewhat over 13,000 pounds per square 
inch was developed in the reinforcing trusses directly 
under the blow. For the same blow a maximum com- 
pression in the slab of 855 pounds per square inch 
along the axis normal to the I beams and 1,764 pounds 
per square inch along the axis parallel to the I beams 
was found. 
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Fic. 41.—DeEFLECTION oF SECOND StaB UNDER Static LoApINGs FROM 30,000 To 75,000 Pounps. Vaturs UsEp 


ARE 


Deformations equivalent to a maximum tensile stress 
in the concrete of 2,754 pounds per square inch were 
found in the bottom of the slab under the 29,000- 
pound impact pressure, yet no visible cracks appeared. 

A series of 3,000 impact blows of about 27,000 
pounds intensity at a quarter point on the slab developed 
& maximum mean indicated stress at the gauge points 
of 3,875 pounds per square inch in the I beams, while 
a series of 3,000 blows of about 41,000 pounds intensity 
at a second quarter point resulted in a mean indicated 
stress at the gauge points, of 15,780 pounds per square 
inch in the I beams. (See Table 2.) 

Some few hair cracks developed directly under the 
point of impact at both quarter points, but as these 
cracks hendened during the early part of each series 
of blows, were not progressive and showed practically 
no increase at the end of the run, they are not to be 
considered as of serious importance. Although the 
first slab showed a marked increase in flexibility due 
to continued impact at the center no signs of distress 
were apparent until a static load of 60,000 pounds had 
had been applied. Under loads from 60,000 to 75,000 
pounds, hair cracks similar in type to those at the 


MEAN DEFLECTIONS 


quarter points developed on a limited area directly 
under the point ofload. Itis probable that the increase 
in flexibility is due, in part to fatigue, and in part to a 
decrease in the T-action of the slab and I beams, 
caused by a breaking of the bond between the slab 
and the I beams by the series of severe impact blows. 

The increased water content used in the second slab 
caused a decrease in compressive strength of 35 per cent 
(from 5,465 pounds to 3,560 pounds per square inch) 
and under the 30,000 pound load an increase in deflec- 
tions or flexibility of about 18 per cent with a corre- 
sponding increase in deformations and stresses. This 
slab under a static load of 31,250 pounds evidenced no 
signs of distress. At some point between loads of 
31,250 pounds and 40,000 pounds a few fine hair cracks 
developed directly under the load, but an increase of load 
to 75,000 pounds caused very slight increases in these 
cracks, which may be taken as evidence that the load 
was well taken care of by the reinforcing steel. As the 
concrete actually used on the bridge floor slabs showed 
a mean compressive strength of 2,700 pounds per 
square inch probably due to its greater water content, 
increased deflections and stresses over those found in 
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Fig. 42.—MEAN DEFORMATIONS IN SLAB ALONG Axis Nor- 
MAL TO I Beams For Static Loaps or 30,000 Pounpbs To 
75,000 Pounps 

either of the test slabs are to be expected, but as the 
factors of safety are large enough to care for such an 
increase it is quite apparent that the slabs are ample 
to withstand any possible loading to which they may be 
subjected by modern traffic. 

RESULTS CONSIDERED AS A POSSIBLE AID TO DESIGN 


As the data collected during these tests will un- 
doubtedly be of value to those who are interested in 
developing a method of design, they are presented as 
fully as possible in this report, with a discussion of their 
relative value and probable accuracy. 

It is felt that of the measurements made in these tests, 
the deflection measurements are the most reliable 
because: 

1. The mechanical methods used in making them allow but 
small chance for physical errors to creep in. 

2. Repeated sets of readings on both slabs give close checks 
for the individual slabs. 

3. Deflection readings for both the first and second slab check 
each other closely as to type of deflection curve. 
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It will be seen from Figures 8, 24, 34, 35, and 41 that 
both slabs deflect symmetrically about their axes and 
that deflections vary directly with the static loads. 

From Figures 9 and 25 it appears that the I-beam 
stringers also deflect symmetrically, and with the slab, 
as deflections of the I beams coincide with the deflection 
curves of theslabs. Figures 29 and 37 clearly show that 
the flanges of the I beams tilt and follow the curve of 
the slab, the entire slab deflecting as a simple plate 
being slightly stiffer along the axis normal to the 
I beams. The above action is quite evident from 
Figure 43. 

The first slab under static loads up to 30,000 pounds 
showed no permanent set, although the expected lag 
was observed in both slab and steel, as shown in Figures 
13 and 14. 

Progressive fatigue with increased flexibility under 
continued impact blows delivered at short intervals 
with almost complete recovery after an interval of rest 
is evident from Figure 19. From Figures 8, 24, and 
27 it will be seen that deflections of the slab under equal 
static loads have been almost doubled by the fatigue 
caused by 7,000 impact blows and decrease in T-beam 
action of the I beams and slab acting as a unit. 

Figures 8 and 24 indicate that the type of deflection 
curve after impact is the same as that before impact, 
varying only in amount. This is more clearly shown 
in Figure 44, where deflection curves for the first slab 
both before and after impact and for the second slab 
are reduced to type curves. Deflection curves for. the 
first slab under a static load of 30,000 pounds before 
impact were taken as base curves. Curves for the 
first slab under static load after impact and the second 
slab under static load were reduced thereto by applying 
factors equal to the ratios of the deflections at the 
center points under 30,000 pound loads to the center 
deflections of the base curve. 

It appears from these type curves that the above 
three cases do not vary in type but vary only in the 
amount of the deflections, due probably to fatigue and 
increased flexibility in the case of the first slab after 
impact and to the weaker concrete in the second slab. 
Therefore it may be assumed that the action of the 
slabs in all three cases was identical. 

In Figure 45 a comparison of the deflections of the 
first slab under static load both before and after impact 
with the deflections as measured by ‘‘choked”’ dials 
under an impact blow equal to the static load is shown. 
This comparison shows the progressive fatigue due to 
the impact and also indicates that the type of the 
deflection curves is essentially the same for both static 
loads and impact blows of equal magnitude. 

In Figure 46 a comparison is made of the stresses in 
the reinforcing trusses under impact and static pres- 
sures, by drawing the curve which shows the static 
load-stress relation (data from Figure 10) and then 
plotting the impact data shown in Table 1 against this 
curve. The indication is that somewhat higher stresses 
result from impact pressures than do from static pres- 
sures of the same magnitude. The stresses under 
static load appear to vary directly with the load. This 
is also true of the static load stresses in the I beams as 
showil in Figure 26. 

Stresses as measured in the concrete of the two slabs 
were more or less erratic and unsatisfactory. The 
reinforcing trusses on account of their weight, length, 
and method of fabrication were warped in both planes, 
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and, as previously remarked, it was necessary to spring 
them into place and wire them to the forms. On 
removing the forms there is little doubt that the spring 
action of these trusses introduced initial stresses in the 
slab in some cases large enough to partially neutralize 
or appreciably increase the stresses caused by static 
loads and impact. 

Difficulty was experienced in getting satisfactory 
readings on all of the large number of gauges used in 
these tests. It was necessary to allow these gauges to 
remain in place for comparatively long periods which 
may have introduced slight errors due to temperature 
changes or dust on the recording slides. 

Tests of the graphic strain gauges, under impact, 
made at Johns Hopkins University have shown them 
free from inertia effects and their records to be reliable. 
Nevertheless, difficulty was experienced in keeping 
gauge points in the slab from loosening and the glass 
slides from slipping, especially on the bottom of the 
slab, when delivering severe impact blows. 

The principal value of these measurements is to 
show the approximate maximum stresses developed 
under the loads imposed. 


Measurements of reactions are shown in Figures 38 
and 40. In Figure 39 the variation between the sum 
of the measured reactions and the load imposed varies 
from 4 to 28 per cent, the 28 per cent variation being 
for the low load of 5,000 pounds. 

The reactions shown seem to support the contention 
that there was present a certain arching action in the 
slab due to the spring action of the steel. It is to be 
noted that as the load increased the reactions more 
nearly approach symmetry and the error decreases to a 
reasonable variation of about 10 per cent. By a com- 
parison of results as shown in Figures 38 and 40 it will 
be seen that for I beams 2, 3, 4 and 5, reactions as 
measured vary directly as the loads applied within the 
limits of accuracy of these measurements. The meas- 
urements at I beams 1 and 6 are so small as to be 
indeterminate considering the methods used in making 
the measurements 


A SUGGESTED METHOD OF ANALYSIS 


No attempt to develop a possible method of analysis 
for this type of slab has been made by the Bureau of 
Public Roads. However, engineers of the Delaware 
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Fia. 44.—ComPARISON OF TyPEs OF DEFLECTION CURVES FOR 
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DEFLECTION OF First SLAB UNDERSTATIC LOADING AFTER 
Impact TESTS AND FOR SECOND SLAB DETERMINED AS 
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Fic. 45.—ComMPARISON OF DEFLECTION OF SLAB UNDER 
Static Loap AND IMPACT 
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Fic. 47.—CompositE oR Type DEFLECTION CURVES ON 
CENTER LINE NorMAL TO I BEAMS AND AT 15-INCH 
INTERVALS FOR Static Loap or 40,000 Pounps 


River Bridge Joint Commission who cooperated in 
the tests have suggested that analysis be made in the 
following manner: 

By taking the deflections along the axes which are 
symmetrically located in the slab, composite or type 
curves may be developed as shown in Figure 47. 

By developing graphically successive differentials of 
the original or type curves, by the tangent or other 
method, type curves for moment, shear and load dis- 
tribution may be developed. An example of this for 
the first slab is shown in Figure 48. 

As deflections were measured at shorter intervals 
along the axes of the second slab and as the deflections 
were measured by Ames dials fixed in place it is proba- 
ble that better results would be obtained by using the 
deflection curves of the second slab. Composite curves 
for this slab are shown in Figure 47. 

(Continued on p. 189) 














By the Division of Tests, United States Bureau of Public Roads. 


OMPARATIVE transverse bending tests on nor- 
mal and Vibrolithic concrete have recently been 
completed by the Bureau of Public Roads. The 


tests were carried on at the Arlington Experimental 
Station of the bureau and the April, 1926, issue of 


Pur ic Roaps contained a progress report, giving the 
data obtained as a result of tests of 28-day specimens. 
Since then the investigation has been concluded with 
the testing of a duplicate series of one-year specimens. 
This report is concerned largely with these later tests 
auxiliary 


and includes data obtained in 


investigations 
which have been made. 














Fic. 1.—SLaBs AND 


THE 


APPARATUS AT THE BEGINNING 


ONE-YEAR TESTS 


OF 


EFFORT MADE TO ELIMINATE ALL VARIABLES EXCEPT THOSE 


BEING STUDIED 


The object of the investigation was to obtain data 
on the resistance to rupture by bending, of specimens 
of different mixes fabricated by each of the two meth- 
ods. These tests must not be considered, how ever, as 
a complete comparative study of Vibrolithic and nor- 
mally finished pavements. Only one kind of aggregate 
was used and there is no evidence as to the effect of 
other kinds. The normal slabs were finished by hand, 
and the results obtained apply only to this method of 


finishing. The effect of machine finishing was not 
investigated. 
In these experiments every effort was made to 


eliminate all variables except those which were being 
studied and to have all operations performed under as 
nearly similar working conditions as possible. 

The methods of fabrication and of testing were 
given in detail in the previous report and will be out- 
lined only briefly here. The test specimens were slabs 
36 inches wide, 72 inches long, and 6 inches thick, 
made of carefully proportioned mixes. The coarse 
aggregate was limestone from Frederick, Md., graded 
from 2 inches to 44 inch. The fine aggregate was clean 
and fairly coarse Potomac River sand. A carefully 
blended Portland cement of good quality was used. 
A correction was made for the bulking of the sand. 


The consistency for both types of slabs was maintained 
at about a 2-inch slump, or a flow of 110 to 115 on the 
30-inch flow table, using a 14-inch drop. 

Uniformity of the quality of the cement used through- 
out the 


tests was indicated at one year as at 28 days 





FURTHER TESTS OF VIBROLITHIC CONCRETE 


Reported by L. W. TELLER, Engineer of Tests, 


and C. E. PROUDLEY, Assistant Engineer of Tests 
by tests of 1:2 Ottawa sand mortar beams. These 
mortar tests are shown-in Table 3 and Figure 2, and 
show that the cement was of satisfactory uniformity. 

The concrete for all slabs was placed in the forms, 
tamped and struck off with a straight 2 by 12 inch 
strike board worked lengthwise over each group of 
five slabs. The normal finishing consisted of belting 
lengthwise over the slabs with an 8-inch rubber belt. 
The Vibrolithic concrete was covered uniformly with 
the Frederick limestone of 2-inch to 1-inch size at the 
following rate: 


Mix Es 2:41 


Pounds per squar ird 50 50 15 40 


The special slatted platforms were placed on this 
stone and the vibrators were run over them, according 
to the patented process. The irregular mortar surface 
left on the removal of the platforms was smoothed down 
with a long-handled steel float, after which the surface 
was belted. 


CURING OF SLABS AND TRANSVERSE BENDING TESTS 
As soon as their hardness would permit, all slabs were 
covered with wet burlap, kept damp until the following 


day when they were covered with damp earth. This 
earth was kept damp for 28 days, after which it was 


removed and the slabs for testing at 28 days were 
broken. 
The rest of the slabs, i. e., the one-year specimens, 


were left on the original subgrade during the remainder 
of the year and were covered with earth and kept wet 
for the 28 days immediately prior to testing in order 
that the concrete in all the specimens should be in 
as nearly a uniform condition of moisture as possible 
at the time of the test. Figure 1 shows the appearance 
of the general layout of the test sections at the begin- 
ning of the one-year tests. 

The test data for the slabs, as given in Tables 1, 2, and 
3, were obtained under practically the same conditions 
as the data which appear in Tables 1, 2, and 3 of the 
28-day report.' The testing machine provided a span 
of 60 inches and applied the load at the third points 
over the entire width of the slab. The load was applied 
by means of a hydraulic jack and its magnitude was 
measured by the deflection of a pair of calibrated 
steel beams. The load causing failure was the sum of 
three components—the load applied by the jack, the 
dead load of the knife edges, jack and calibrated beams, 
concentrated at the points of application, and the 
uniform distributed load of the slab itself. A refine- 
ment in computation was introduced in the one-year 
tests, however, by using the true weight of each speci- 
men in determining the dead load due to the slab in- 
stead of using an average figure for normal concrete 
and another average for Vibrolithic concrete, as was 
done previously in the 28-day tests. This refinement 
resulted in a very small difference in unit stress in most 


1 See Public Roads, vol. 7, No. 2, April, 1926. 
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Summary of data of the transverse bending tests 


Depth 
Inches 
6.18 
6. 28 
6. 02 
6.19 
6. 02 
6. 24 
6. 26 
& 2% 


Section 


modulus 
I 
c 
Inches 
240. € 
230. 2 
241.6 
246. 5 
245. 0 
231.1 
233. 7 
>) } 
t 
247.8 
245. 0 
126. 4 
242.7 
253. 2 
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rupture 





16, 334 
16, 904 
19, 126 
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18, 153 
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transverse bending tests on normal concrete slabs 
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cases. Figure 2 gives essentially the same data as 


shown in Table 3 and in addition, however, the averages 
of the 28-day test data are indicated by horizontal 
dotted lines. 


MODULUS OF ELASTICITY DETERMINED FROM DATA SECURED IN 
BENDING TEST 


At the same time that the one-year tests were made 
certain slabs were selected for determination of the 
maximum unit fiber deformation and modulus of elas- 
ticity. This was done by means of graphic strain 
gauges* set 0.25 inch from the surface of the slab 
between suitable gauge points. The gauges were placed 
at the top and bottom at each edge of the slab at the 
center of the span. Readings of these four gauges for 
progressive increments of load were the basis of com- 
putations of unit fiber deformations which were plotted 
with the computed unit fiber stresses. The initial 
modulus of elasticity was determined from these graphs. 
Figure 4 shows a typical graph of these data. Two 
slabs of each mix for both methods of finishing were 
tested in this manner, one being tested with the finished 
side in tension and the other with the subgrade side 
in tension. The values thus obtained are given in 


Table 4. 


'GOLDBECK, A. T., POCKET STRAIN GAUGE GIVES STRESSES IN CONCRETE ROADS 
Engineering News- Record, Mar. 29, 1923 
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TaBLE 3.—S f all test data by groups on normal and 
Vii lithic concrete 
I Nor ( rete 
2 1:2:3 1:2:4 
f 6 t 36to 46to 56to 66to T6to 
A) a0 40 50 60 70 SO 
€ ] I 7 618 8] 613 654 9 600 
e! 74¢ 690 43 614 89 631 534 
‘ 
205 0. 184 0. 168 0.154 
entr 7 7 0.85 0.87 0.90 O.85 0.88 0.95 
. flow 110 113 115 113 112 113 111 
fruptur 
square inch, 1:21 l 
Ottawa sand 809 864 829 842 802 818 793 810 
Weight per cut 49 148. 6 150. 1 149.9 
} Vibrolithic concrete 
| = 1:2:4 1:2:419 
Slab Nos to 2lto 31lto 41to)5lto 61to 71 to 
25 35 45 55 65 5 
Tension in top at rupture, 
pounds per square incl 840 908 713) 723 716) 742 583 635 
Tension in bottom at rupture, 
pounds per square inch . 934 983 886) 785 765) 765 741 717 
Ratio of cement to aggregate by 
weight . ). 185 0. 168 0.154 0. 143 
W ater-cement rati , ... 0.74 | 0.77. 0.86 | 0.88 0.92: 0.88 0.96 1.01 
Consistency, flow table 108 111 lll 110 112 113 112 
Modulus of rupture, { 
square inch 1:2 mort sit 
Ottawa sand 809 864 829 842 802 818 793 810 
Weight per cubic foot 155. 2 152.9 153. 0 52.6 


COMPRESSION TESTS MADE ON FROZEN AND UNFROZEN CORES 
FROM SLABS 

Cores were drilled from the fragments of 28-day 
specimens at about six months for compression tests 
and for alternate freezing and thawing. Resuits of 
these tests warranted the drilling of more cores froin 
the one-year slabs and a repetition of the comparative 
compression and freezing tests. The cores were taken 
with a Calyx core drill and were 6 inches in diameter 
and approximately 6 inches high. 

Shortly after the 28-day slab cores were drilled, an 
absorption test was made on each one. They were 
dried in an oven at about 80° C., cooled, weighed, 
immersed in water for 48 hours at 40° C. and again 
weighed. The results of these determinations are given 
in Table 5. 
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TABLE 4.— Modulus of elasticity determined by the transverse bend- 
ing of slabs and by the compression of drilled cores } 


Normal Vibrolithic 
Slabs Cores Slabs Cores 
Mix Mix 
No. Modulus No. Modulus No.| Modulus Ne. Modulus 
Pounds Pounds Pounds Pounds 
per sq.in. per sq. in. ner so. in. per sq. in. 
6 3,550, 6 3,200, 000 | 5 | 5,040,000 |... 5, 980, 000 
15 5, 250, 000 2 5,260, 000 


1:114:3.-.416 3,850,000 | 10 5,020,000 1:114:314.: 
| eh Mepis 11 6,944, 000 


Average _... 3,700,000 .... 4,240,000 Average'.... 5,140,000 _- 6, 061, 000 
{28 4,310,000 28 4,640,000 25 3,830,000 21 2,960,000 
1:2:3..... 436 3,320,000 29 4,720,000 1:2:314..435 4,340,000 31 4,500,000 
ee 39 3, 860, 000 sculscusenmeawel G0 | a aeeee 

Average ....| 3,810,000 .... 4,410,000 Average .... 4,080,000 -. 3, 985, 000 
46 3,100,000 50 5,280,000 {45 4,420,000 42 4,400,000 
1:2:314%4... 456 4,150,000 59 3,080,000 1:2:4....455 2,920,000 43 5,930,000 
all Rosita 60 3,380, 000 |__.|............ 55 | 4, 100, 000 

Average .... 3,620,000 .... 3,913, 000 Average _...| 3,670,000 _. 4, 810, 000 
56 64,680,000 69 4,720,000 {65 4,700,000 61 5,600,000 
1:2:4......'76 2,970,000 70 6,000,000 1:2:44%4.. 475 | 3,630,000 62 4,300,000 
A en iF Ul ld ee) So Seep 71 4,410, 000 

{ Average'.... 3,820,000 .... 5, 447,000 Average)... 4, 160.000 .... 4,770,000 


1 Of the’normal group slabs 16, 26, 46, and 66 were tested with the bottom surface’in 
tension and slabs 6, 36, 56, and 76 were tested with the top surface in tension. Of the 
Vibrolithic group slabs 5, 25, 45, and 65 were tested with the bottom surface in tension 
and slabs 15, 35, 55, and 75 were tested with the top surface in tension. 


TaBLE 5.—Absorption tests on normal and Vibrolithic concrete a 
age of 7 months 








Normal Vibrolithic 
. Average . Average 
Mix Slab Absorp- abeorp- Mix Slab Absorp- ab sorp- 
No. tion 7 te No. tion tion 
Percent Per cent Percent Per cent 
3.3 ( 83 3. 1 
3.5 3. 6 
89 2.8 | | 84 1.8 | 
-11é- 3.2 -114-91 ) 1.1 9 
$2136:3....... 99 4.4 | 4.1 | 1:144:3)..-- 91 2 4 2.5 
4.8 2.4 | 
100 4.4 | 93 4.1 
nes 6.1 ) emacs 1.3) 
118 2.0 111 2. 6 
1.3 2.7 | 
119 1.7 112 3.2 | 
— 9 || oh eae 1.0 : 
iy. Sa 167 Lilt 1.7 6 | 163 33) 2.3 
4.0 3.9 | 
169 1.0 164 .9 
Saeed 1.8 be 1.0 | 
128 3.3 |) 122 4.3 
1.8 4.2 
129 1.6 123 2.4 
- 1.6 — 1.4 
A: 2:374 .----- 138 9if 2.2 | 1:2:4.-.2----/) 43) 4.0 3.1 
3.9 1.0 
140 8 133 4.6 
amet 3.9 sueed 3.0 
149 3.7 141 1.0 
9 4.4 
150 1.4 | 142 .8 | 
” 1,2 9 -9-41 1.1 
>) 158 25 _1 ei: | ee 151 ‘9? 1.6 
3.1 
160 2.4 153 | 
— |! Aaa eos 1.1 
[SE ES See 2.5 a Se ee 2.4 





In the first series of freezing tests, three cores of 
each mix of both normal and Vibrolithic concrete were 
immersed in water in containers and surrounded by 
brine at approximately -12° C. When frozen solid 
the containers were removed from the brine and per- 
mitted to thaw. After 10 alternations of such freez- 
ing and thawing, all of the specimens showed disinte- 
gration so they were thawed out, capped and tested 
in compression. 

in the second series of freezing tests the specimens 
were kept saturated but not immersed during freezing. 
This change was made as an experiment, as it was 
thought that the rapid disintegration in the first test 
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Fic. 4.—TypicaL STRESS-STRAIN CURVES FROM THE 
TRANSVERSE BENDING TESTS 


might be partially due to the expansion of the sur- 
rounding ice during freezing. 

Unfortunately, due to leakage that occurred in some 
of the containers during the course of these later tests, 
brine entered some of the containers and came in con- 
tact with the lower end of some of the cores. It was 
impossible to determine with certainty which of the 
specimens had been exposed to the brine so that the 
effect of such exposure is not known. In view of this, 
none of the data obtained is above suspicion and is not 
included. However, even with this uncertainty ad- 
mitted it can be’ said that it took approximately twice 
as long to produce disintegration by this method of 
freezing as by the first method. 

The cores which were not frozen, of which there were 
five in the first series for each mix and kind of concrete, 
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were left in the field near the slabs from which they 
were drilled until they were about 124% months old, at 
which time they were prepared for testing by immersing 
until a uniform condition of moisture was obtained. 
From the one-year slabs, three cores of each mix and 
kind were drilled, capped, and saturated with water 
and tested at the age of 17 months. Tables 6 and 7 


TABLE 6.—Compression tests on 6 by 6 inch cores drilled from 
normal and Vibrolithic concrete at age of 138 months 


Normal concrete cores Vibrolithic concrete cores 








Cl ih Average . a Average 
Mix Slab | Load at | ‘load at Mix ad be 
alin ? falure = : failure 
Pounds Pounds Pounds Pounds 
per 8q in per sq.in. per sq.in. per sq.in 
88 5, 527 | 83 4, 800 
&9 5, 340 &4 5, 580 | 
1:114:3 99 4, 985 4,869 | 1:114:314....'2 84 4,882 ' 5,047 
99 3, 707 91 4, 580 | 
100 4, 788 93 5, 391 
118 4,377 lll 5, 142 
| 118 5, 382 5, 185 112 5, 673 
1:2:3 aa 26 > i, 112 4,856 > 322 
| 167 | | 163 5, 370 | 
169 164 1 5, 570 
128 122 3, 768 
| 129 123 5, 381 | 
i 4 138 +. 22: -, ee 4 123 4,640 > 4, 468 
| 140 | 131 4, 561 | 
140 | 133 3, 988 
149 141 4, 400 
| 150 142 5, 259 | 
i es > §,223 || 1:2:44...... 151 4,600 } 4, 900 
| 160 | | 153 | 5,225 | 
160 153 5,014 
012 ans RE 4, 934 


Average. ...'.... = peaks 5 


1 Total load over 200,000 pounds. 


TABLE 7.—Compressive strength of 6 by 6 inch drilled cores after 10 


alternations of freezing and thawing at age of 8 months 


Normal concrete cores Vibrolithic concrete cores 


| 


Mix Slab Load at ep 3 Mix Slab. Load at —-_ 
No. failure failure No. failure fallnve 
Pounds Pounds Pounds Pounds 
per sq.in. per 8g.in persqgin. per sgq.in 
{ 88 2, 730 | { &3 2, 025 | 
|: SY 3,010 ; 2,653 7144:3%...- 91 2,735 > 2, 047 
| 100 2, 220 | 93 1,380 | 
| 167 2, 850 | | 111 4, 380 
i: Se 169 4 840 3, 427 RW4..ckcs 163 2,842 > 4,211 
| 119 2,590 | 164 5,410 | 
128 4, 020 | ! 12% 2,475 
1:2:34% 4 129 3, 680 3, 562 . ist 4,275 > 2, 71 
| 138 2985 | | 133 1,396 | 
| 149 2, 190 | 141 2,770 | 
1:2:4 150 4,470 3, 645 72:414.. 142 3,970 > 4, 027 
| 158 4,275 "I 153 5,340 | 
a, TREE Senne 3, 322 RN osichacnnctbedasdwonas 3, 250 


TABLE 8. 


Compression tests on 6 by 6 inch drilled cores from 


normal and Vibrolithic concrete at age of 17 months 


Normal concrete cores 


Vibrolithic concrete cores 


eh aa Average 3 Ss ar Average 
Mix r lab Load at load at Mix lab Load at load at 
No. failure failure | No. | failure foiture 
Pounds | Pounds Pounds | Pounds 
per “4 in. per sg.in. : per sq.in.| per sq.in, 
9 593 5, 46. 
144:3..... | 10 4, 993 5, 459 £114:3%.... 4 2 5, 496 | 5, 988 
| 18 5.700 { i 7, 004 
) (3; S90) ol oa | S2BN cone 
i: ee 29 5, 770 5, 562 |, ee + 31 4, 809 5, 286 
1 39 5,067 || 82 8, 320 { 
50 5, 059 2 9, 
| J 59 4, 492 §, 111 BiG. scones 43 4, 573 | 4, 995 
| 60 8, 78 55 5, 306 { 
69 4, 536 6 5, 
| Re 7 3, 262 | 4,311 | eee J 62 4, 378 | 4, 77: 
| 80 5, 136 |f 71 4,451 | 
A verage eet PR §, 111 Ovid dened wow cuiewen 5, 261 
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give the test results on the unfrozen and frozen speci- 
mens, respectively, while in Table 8 are shown the 
data from the compression tests at 17 months. 

As a check on the modulus of elasticity of the con- 
crete in the slabs as determined by the strain gauge 
measurements, tests to determine the modulus of elas- 
ticity in compression were made on each of the un- 
frozen cores from the one-year slabs prior to compres- 
sion test. This was done by means of a mirror exten- 
someter * and the results are given in Table 4 where a 
comparison may be readily made. 


@ 
| 





r 7T a _— — | 
PO | 
a | 
pt | et | | 
— ee ae 
| | 
me cia ‘| 
MIX 35 2:4 
RR 7 C CON CRETE 
f— oo ee a ae 
; A | | | | | 
' 
/\ 
c Le 
see ee ee |) | j 
20 4 8 12 0 4 8 'z 
AGE - MONTHS 
Mix $ 35 3 2:6 2 
Fic. 5.— DIAGRAM SHOWING INCREASE IN Mopututs or Rup- 
TURE FROM 28 Days TO ONE YEAR FOR VARIOUS MIXES OF 
NORMAL AND VIBROLITHIC CONCRETE 


It was thought that if the true section modulus of 
the slabs could be determined for those slabs which were 
honeycombed (for a discussion of the causes of honey- 
combing see the report on the 28-day tests) the com- 
puted strength would be more nearly the true average 
than when determined by the section modulus computed 
for asolid area. ‘To study this effect half-size drawings 
of the broken section of the slabs in question were made 
by two observers working independently, and the areas 
of doubtful density carefully measured and located on 
the sketch. These are shown in Figure 6, the cross sec- 
tions being shown in the position in which they were 
tested. 

The area of these spaces and their distance from the 
neutral axis, the location of which was determined by a 
mechanical integrator for this part of the study, fur- 
nished data for a correction of the moment of inertia 
of the slab. Thirty-three of the most noticeably 
honeycombed specimens of both types of concrete 
were selected for investigation, and the results of the 
stress computations, although not published with this 
report, are discussed later. 

TEST DATA DISCUSSION 


A study of Figure 2 shows some interesting relation- 
ships between slab strength, water-cement ratio, con- 
sistency, and unit weight. As the water-cement ratio 
increases the slab strength decreases and the corre- 
sponding changes are in accord with the generally 
accepted theory in regard to this ratio. In the normal 
slabs, the richest mix with relatively high strength has 


' JOHNSON, A. N., 


DIRECT MEAS JREMENT OF POISSON’S RATIO FOR CONCRETE. 
Proceedings A.S 


4, Part II, p. 1024. 1924. 
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VIBROLITHIC CONCRETE 


Fic. 6.—AREAS OF QUESTIONABLE DENSITY IN TEST SLABs, 
AS AVERAGED FROM THE SKETCHES OF Two INDEPENDENT 
OBSERVERS. THE SLABS ARE SHOWN IN THE POSITION IN 
Wuicu TuHey WerE TESTED 


a water-cement ratio of about 0.74. The remaining 
three mixes are comparatively close on strength and 
the water-cement ratios are 0.86, 0.87 and 0.91 which, 
from the standpoint of practical application are not 
greatly different. In the Vibrolithic specimens, the 
range in strength is greater as is also the range in water- 
cement ratio. 

In comparing the consistencies it should be repeated 
that the concrete was mixed with the intention of 
having a flow of 110 to 115. This average was main- 
tained with the exception of the 1:14%:3% concrete 
used for slabs 11 to 15, inclusive. Here, in spite of a 
slightly higher water-cement ratio the slab strength is 
greater than the corresponding slabs 1 to 5. A similar 
condition is evident between the 1:2:3 and 1:2:3% 
mixes of normal concrete. It may be that the meas- 
ured consistency is more nearly an index of the actual 
water-cement ratio in the mixed concrete than can be 
obtained from a computation using the amount of 
water, moisture in the sand and volume of cement 
introduced into the mixer drum. High temperatures 
existing at the time these slabs were laid probably 
caused an unusually high rate of evaporation with 
consequent lower water-cement ratio and dryer con- 
sistency. 

The unit weight determinations (Table 3) show that 
the addition of top stone in the Vibrolithic slabs 
resulted in a concrete of higher weight per cubic foot. 

The quality of the cement as indicated by tests of 
the 1: 2 mortar beams at one year was quite uniform, 
the maximum variation from average strength being 





ROADS Vol. 8, No.8 


test beams were 2 inches wide, 3 inches deep and 18 
inches long, and were tested on a 15-inch span with 
center loading. Five specimens constituted a set. 


5.2 per cent and the average was 2.2 per cent. The 


STRENGTH OF VIBROLITHIC AND NORMAL CONCRETE SLABS COM- 
PARED 

The above discussion refers merely to the concord- 
ance of the slab strengths with other data relating to 
the mixtures. A comparison of the normal concrete 
with the Vibrolithic concrete may be made from 
Figure 2 or Table 3, but is more readily seen by refer- 
ring to the dotted average curves in Figure 3. Con- 
sidering first the strengths obtained for equal quanti- 
ties of cement per unit volume of aggregate, the ordi- 
nates corresponding to the abscissa 0.154 representing 
a 1:2:4 normal concrete shows Vibrolithic concrete 
to be approximately 123 per cent of the normal concrete 
strength and in the richer mix at 0.184 the strength 
ratio is about 143 per cent. The corresponding ratios 
on the 28 day curves of Figure 3 are approximately 
120 per cent and 117 per cent, respectively. 

A more practical comparison is that showing the 
amount of cement required to give equal strength. 
Taking a modulus of rupture of 700 pounds per square 
inch for the comparison, the cement-aggregate ratio for 
Vibrolithic concrete is about 0.148 and for normal 
concrete is 0.201, an increase of about 36 per cent in 
cement requirement for the normal concrete. Or, 
expressed as a percentage of the normal requirement 
for concrete, the Vibrolithic concrete is equal in strength 
when 74 per cent of the cement required for normal 
concrete is used. For a modulus of rupture of 600 
pounds per square inch at 28 days, the corresponding 
figures were 19 per cent and 84 per cent. 

With respect to the relation between the tensile 
strength of the concrete in the top and in the bottom 
surfaces of the slabs of the two types, it will be noted 
that a change occurred between the 28-day and the 1- 
year tests. The earlier tests showed that in normal! 
concrete the tensile strength in the bottom of the slab 
was only 87.7 per cent of that in the top and in Vibro- 
lithic concrete it was 98 per cent. At one year, 
however, the resistance to tension in the bottom of the 
normal concrete specimens was 99 per cent of that in 
the top, whereas in the Vibrolithic concrete the resist- 
ance to tension in the bottom is 112 per cent of that in 
the top. In other words, although the resistance to ten- 
sion in the bottom of the normal concrete slabs was 
considerably less than for the top of the slabs at 28 
days, the results at one year show practically equal 
strength in top and bottom. The Vibrolithic concrete 
which showed practically equal resistance to tension 
in top and bottom at 28 days was considerably stronger 
in tension in the bottom fibers than in the top. A pos- 
sible explanation of the more rapid growth in strength 
of the bottom of the slabs than occurred in the top for 
both normal and Vibrolithic is that the bottom being 
next to the subgrade had more water readily available 
for continuous hydration of the cement than the top 
which was exposed to the drying effect of the atmosphere 
for a period of 10 months. 


EFFECT OF HONEYCOMBING DISCUSSED 


The above comparisons are based on the averages of 
all specimens tested even though some varied consider- 
ably from the average. The majority of the specimens 
showing a considerable variation were above the average 
strength and, as will be brought out in later discussion, 
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it is probable that the strengths obtained are generally 
as accurate an indication of the strength of these 
slabs as those of apparently more consistent strength. 
These values, therefore, have been included in the 
average just as was done in the report of 28-day tests. 
Except for three or four of the normal concrete slabs 
which were tested with tension in the bottom, the per- 
centage variation in both normal and Vibrolithic 
specimens averages about the same, indicating fairly 
satisfactory agreement in the slab tests as a whole. 
It also indicates that the product of either the Vibro- 
lithic process or hand finishing is reasonably uniform 
in this investigation except for the few instances noted. 

In the report of the earlier tests it was pointed out 
that those slabs whose cross sections were reduced by 
void spaces, or honeycombing in general, showed the 
lower modulus of rupture values. This same condition 
exists in the one-year specimens, as may be seen in the 
outline drawings of the sections in Figure 6. These 
outlines are the average result of independent sketches 
by two observers, and are not claimed to be exact, the 
solid portions merely representing areas of questionable 
density. They serve, however, to assist in explaining 
some of the apparently erratic slab strengths seen in 
Tables 1 and 2 

For example, slabs Nos. 8 and 10 exhibit relatively 
greater honeycombing in the bottom than do Nos. 7 or 
20, and the strengths of Nos. 8 and 10 are lower than 
in the other two. Slab No. 16 showed the highest 
strength in this group tested with bottom in tension, 
and in fact, is equal to No. 17 which is apparently 
quite dense, vet inspection reveals the highest percent- 
age of voids in any of the 1:114:3 normal concrete 
slabs. This inconsistency might be considered suffi- 
cient reason to exclude it from the average. 

In the 1: 2:3 concrete slabs No. 39 is the only speci- 
men which seems to be seriously honeycombed and it is 
seen has the lowest strength of this group. Slab No. 37 
is sufficiently porous to be mentioned and is the next 
lowest in modulus of rupture. An inconsistency exists 
in this group also, slab No. 38 showing as low a strength 
as any but being —— quite dense. 

The next group, 1 : 2 :31%4 normal concrete, has slabs 
Nos. 50, 48, 47, 46, and 59 noticeably honeycombed. 
No. 46, which shows the highest strength of those tests 
with the bottom in tension, exhibits a fair amount of 
void space at the bottom and might be considered 


somewhat inconsistent. The other specimens are 
fairly well in accord with respect to strength and 


apparent density. 

The leanest of the normal concrete, which might be 
expected to be less dense than the rest, is considerably 
honeycombed in slabs Nos. 70, 77, 78, 79, and 80. Of 
the slabs mentioned, No. 79 is the lowest in strength, 
No. 70 is nearly as low, and No. 78 has a strength equal 
to the average of the group. Slabs Nos. 80 and 77 are 
below the average of the group. No. 76 which was 
fairly dense shows quite high strength, as does also No. 
68 which has only a thin line of questionable area on 
its lower face. 

In the Vibrolithic concrete specimens very 
difference in density is noticeable until slab No. 32 of 
the 1: 2:3’ mixisreached. This slab is the lowest in 
strength of those tested with tension in the bottom. 
With the exe eption of this slab, it will be noticed in 
the 1: 144: 3% and 1: 2 : 3% mixes that the highest 


little 


oubibntans variations from the average are due to 
strengths greater than the average. 
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The 1: 2 : 4 mix is not so uniform in density, especially 
Nos. 41 and 55. The effect, however, of this condition 


is not great and several inconsistencies could be pointed 
out but the maximum percentage variation in this 
group being only 4.1 per cent, the slabs are probably 
typical and the results reasonably correct. It is most 
readily apparent in this group that the Vibrolithic pro- 
tends to move the void spaces upward, which 
removes these less dense areas from the region of the 
maximum stress. This characteristic of Vibrolithic 
concrete was pointed out in the report of tests on 28-day 
specimens. 

The next group of slabs is of 1: 2 : 4% mix and is 
quite inconsistent with regard to the density-strength 
comparison. More specifically, No. 64 exhibits prac- 
tically no voids but has low stre ngth, and No. 61, which 
to be badly honeycombed, had the highest 
strength of the group. Nos. 63 and 74 have compara- 
tively large areas of poor density and are also compara- 
tively low in strength. Further comparisons of a less 
striking nature may be made which would be essentially 
the same as those given above. 


cess 


seems 


MODULUS OF RUPTURE AT 28 DAYS AND ONE YEAR 


The change in the modulus of rupture of the various 
groups of slabs from 28 days to one year, as shown in 
Figure 5, is also of interest. As an indication of the 
growth in strength of the concrete, the average of all 
one-year strength tests of normal concrete specimens 
was compared with the average of all of the 28-day 
normal specimens and found to be about 10 per cent 
greater. Similar comparison of the Vibrolithic con- 
crete shows the one-year specimens to average about 
23 per cent greater thi an the 28-day specimens. The 
increase in strength of the various mixes is also shown 
in Figure 3. 

The water-cement ratio was slightly higher for the 
specimens for the l-year tests than it was for those for 
the 28-day tests. The average difference was an 
increase of 0.85—0.81=0.04 for the normal concrete 
and an increase of 0.88 —0. 83 =0.05 for the Vibrolithic 
concrete. This would tend to make the average increase 
from 28 days to 1 year slightly less for both normal and 
Vibrolithic concrete than would be expected had the 
same water-cement ratios obtained for both test groups. 

Although the data on the determination of the value 
of the modulus of elasticty are somewhat meager, yet 
there are some interesting indications in them. In 
general, the values range from 3,000,000 to 6,000,000 
pounds per square inch for each type of concrete and 
seem to bear no relation to either the compressive 
strength or the modulus of rupture. The average values 
for E, determined from the strain gauge readings on the 
flexed beams, are slightly lower than the average values 
determined by compression on drilled cores. This is 
true for both types of concrete. Also the average value 
of E for the normal concrete is somewhat lower than 
the average value for the Vibrolithic, whether the deter- 
mination is made by bending or by compression tests. 
RESULTS FROM ABSORPTION, FREEZING, 

CORES DISCUSSED 

The absorption of the concrete as shown in Table 5 
furnishes but little material for definite comment when 
considered alone. Without going deeply into a discus- 
sion of effect of voids on absorption it would seem that 
other things being equal the richer concrete would 
have the lower percentage of voids. Also, it is reason- 
able to suppose that for concrete of identical materials, 


AND COMPRESSION OF 
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quantities, and mixing, that which is rodded or vibrated 
the most will probably give the lower absorption. 
These two effects have probably offset each other and 
made the average absorption for the normal concrete 
and the Vibrolithic concrete practically the same. 

In the first series of freezing tests, disintegration 
was so rapid that no difference in the behavior of the 
two types of concrete could be noticed. As previously 
remarked, it was thought that the high compressive 
stress set up in the specimen by the expansion of the 
surrounding block of ice caused sufficient differential 
in deformation of the mortar and stone, each having a 
different modulus of elasticity, to destroy the bond. 
The appearance of the frozen specimens indicated such 
action. Table 7 shows the strengths obtained when 
these frozen cores were tested in compression. The 
values are so erratic as to mean practically nothing. 
When these cores were frozen disintegration began at 
the corners and this left rounded irregular ends which, 
even when carefully capped, made the results of com- 
pression tests of doubtful value. It is thought that 
the effect of freezing on the strength of concrete will 
be indicated far more precisely by specimens which 
are suitable for transverse bending tests. 

As already stated, the second series of freezing tests 
was unsuccessful so that the data which it was planned 
to obtain on the relative behavior of the two types of 
concrete under conditions of alternate freezing and 
thawing did not materialize. 

Cores drilled from the 28-day test slabs were tested 
in compression at the age of 13 months, and these data 
are shown in Table 6. Considerable variation is to be 
noted in the individual test results; the different mixes 
do not show the strength variations which would be 
expected, and the difference in strength between the 
normal and Vibrolithic specimens so consistently indi- 
cated in the bending tests does not appear at all in 
these compression tests. The inference is that com- 
pression tests on these drilled cores are not a good 
measure of the strength of the concrete and indicate 
little except that, in general, the concrete is of good 
quality. This is also true of the cores tested at 17 
months, the data for which appear in Table 8, except 
that the average strength of the different mixes appears 
to be somewhat more in accord with what might be 


expected. 
CONCLUSIONS 


When drawing conclusions from the data obtained 
in this investigation the following fact should be borne 
in mind. The normal slabs were too dry for hand 
finishing and the high percentage of honeycombing 
found in them is the result of this condition. Had the 
mix of these slabs been wetter a higher degree of com- 
paction would probably have been obtained, but it is 
agg that the gain in strength which might have 

een expected as the result of higher density would 
have been offset by the reduction in strength due to the 
increase in water content. On the other hand, the 
dry mix was well designed for machine finishing, and if 
machine methods had been employed the normal 
slabs would probably have been more uniform and 
dense, and their strength correspondingly higher. 
The difference between the two types of concrete 
would then have been less. In spite of this, however, 
an examination of the strength values for the normal 
concrete for any given age and mix will show that this 
concrete was of at least average strength. 
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In summarizing the results of this investigation, it 
may be said that: 

1. For a given cement content the slabs constructed 
by the Vibrolithic method showed greater strength 
than those of normal concrete, when measured by the 
transverse bending test. 

2. The Vibrolithic concrete slabs were somewhat 
more uniform in strength than those of normal con- 
concrete in both the 28-day and l-year tests, both 
types showing greater uniformity at l-year than at 28 
days. 

3. The specimens of Vibrolithic concrete showed a 
greater percentage of increase in the modulus of rup- 
ture from 28 days to 1 year than did those of normal 
concrete. 

4. Absorption tests on 6 by 6 inch drilled cores indi- 
cate that there is practically no difference in the absorp- 
tive properties of the two types of concrete. 

5. Compression tests on 6 by 6 inch drilled cores 
tested at the ages of 13 and 17 months do not show the 
difference in strength between normal and Vibrolithic 
concrete that is indicated by the transverse bending 
tests. 

6. The value of the modulus of elasticity ranges 
from 3,000,000 to 6,000,000 pounds per square inch for 
both types of concrete. The average value of E is 
somewhat higher for the Vibrolithic concrete than for 
the normal concrete by both the bending and compres- 
sion test determinations. 


APPLICATION OF THE RESULTS OF THE INVESTIGATION IN THE 
DESIGN OF PAVEMENTS 


It has been shown in this report that there was a 
difference in the modulus of rupture or resistance to 
bending of concrete placed by the two methods. The 
magnitude of this difference for the various mixes may 
be ascertained by comparison of Tables 1 and 2, and 
the graphical presentation of the same data in Figure 3. 
Corresponding data will be found in the 28-day report.‘ 

For the two comparable mixes the difference may be 
expressed as a ratio with the following result: 


> » Je (Vibrol i¢ 
Bending strength ratio= Average modulus of rupture (Vibrolithi 
Average modulus of rupture (normal 
Mix 
28-day tests 1-year tests 
1:2:3!4 oO. 14 23 1.26 
ey 586 §20 
7% 748 
oe oa 1.14 n= 1. 2! 
7 . 07 §95 


It can not be said that the difference found in these 
tests will hold for concrete constructed of other aggre- 
gates. But for the moment, let it be assumed that we 
expect to use such aggregates as were used in the 
Arlington tests and that differences in strength such as 
were found will be obtained with the two methods of 
placing. How then, can the data developed by this 
investigation be used in the design of pavements? 
From the data at hand we may design pavements of 
equivalent bending strength, by either of the two 
methods, if we use— 

(a) the same mix but change the cross-section, or 
(6) the same cross-section but change the mix. 


4 See Public Roads, vol. 7, No. 2, April, 1926, pp. 38 and 41. 
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Employing the first method, the knowledge of the 
modulus of rupture of concrete of a given mix finished 
by the two methods supplied by this investigation may 
be used to determine the required thickness of each 
type by means of the so-called corner formula. 

The use of this simple formula for the design of road 
slabs is based upon the assumption that the most 
severe condition of loading likely to occur is that of a 
load concentrated at the extreme corner of a rectangular 
panel of the slab when, for one reason or another, the 
subgrade offers practically no support to the corner. 
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Fic. 7.—DiaGram For Use WitTH 
DEMONSTRATION OF CORNER 


FORMULA 


Under this condition the corner of the slab acts as a 
cantilever of uniform strength supporting a load, P, at 
the extreme corner. (Fig. 7.) At the distance, z, 
measured diagonally from the corner along the bisector 
of the right angle of the corner, the: bending moment is 
then Pr. This bending moment is resisted by the 
resisting moment of the section AC, which has a length 
of 2x, and a depth of d, the depth of the slab. 

The resisting moment is, therefore, equal to 


22.d°8 F- S xd? 
d a 


») 


_ 


12° 


in which S is the unit tensile stress in the top of the 
slab. 
Equating the resisting and bending moments, 


S xd? 


Px= 3f 


3 ?ord= Vs 


As tests of the fatigue of concrete have shown that 
the material will eventually fail under repeated appli- 
cations of a load which produces a stress equal to 
approximately 55 per cent of the modulus of rupture. 
It is not safe to use a value of S in the corner formula in 
excess of 50 per cent of the modulus of rupture of the 
material. 

Applying the corner formula to the design of slabs 
finished by the two methods described in this report, 
it will be observed that Tables 1 and 2 give values of 
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the average modulus of rupture at one year of the 
normal and Vibrolithic slabs, respectively, for mixes 
1:2:3% and 1:2:4. Similar values at 28 days were 
given in the earlier report.§ 

The values with the corresponding allowable stresses 
(one-half of the modulus of rupture) are shown for each 
mix in the following table. 


28-DAY TESTS 
Mi 2 1:2:4 
r'ype Normal Vibrolithic Normal Vibrolithic 
] 1 8 Lhs. per sq.in Lbs. per sq. in. Lbs per sq. in. 
Modulus of rupture ASE 669 507 579 
Allowable I 335 253 289 
Y AR TESTS 
M uu 1 782 595 748 
Allowat 298 74 


Either the 1-year or the 28-day values may be used 
for substitution in the corner formula to design slabs 
of equivalent strength, using concrete of the same mix 
finished by the two methods, but as the pavement is 
put in service after three or four weeks, it is believed 
that the 28-day test values are a safer basis for com- 
parison. Using the latter values the design of slabs 
of uniform depth is illustrated as follows: 

SLABS OIF 


SAME MIX AND VARIABLE DEPTH 


Assuming a maximum wheel load, P, of 9,000 pounds 


and a 1:2:3!4 mix, the depth of slab required is as 
follows: 


For normal concrete 


3X 9,000 


902 
299 


= 9.6 inches 


d V 
For Vibrolithic concrete— 


3% 9.000 . 
_ =9.0 inches 


a 
VY 335 

That is, a slab 9 inches thick of the stronger concrete 
will be equal in flexural strength to a slab of the weaker 
concrete 9.6 inches thick. 

With a 1:2:4 mix and the same wheel load, the equiy- 
alent depths will be 

For normal concrete, 


3 x 9.000 iad 
= 10.3 inches 


d \ 


For Vibrolithic concrete, 


253 


3 <x 9.000 


d 
\ 


on @ 7 seam 
989 9.7 inches 


§ Public Roads, vol. 7, No. 2 Apr., 1926, p. 38. 
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These differences in thickness may be expressed in 
terms of the quantity of concrete required to lay a 
lineal yard of 18-foot pavement as follows: 

For the 1:2:3% mix— 


Cubic yards of concrete 


Normal slab, 9.6 inches thick, will require 1. 60 
Vibrolithie slab, 9.0 inches thick, will require 1. 50 
Difference - , 10 
As for the 1:2:4 mix— 

Cubie yards of concrete 

Normal slab, 10.3 inches thick, will require 3. 20 
Vibrolithic slab, 9.7 inches thick, will require 1. 62 
Difference _ _ _ - . 0 


Thus, with either mix, the reduction in depth per- 
mitted by the use of the stronger concrete will make 
possible a saving of about 0.10 cubic yard of concrete 
per lineal yard of 18-foot pavement. 


THICKENED EDGE PAVEMENTS 


By tests and also by theoretical analysis it has been 
found that a given wheel load will produce a greater 
stress in a concrete slab if applied at the edge or at a 
corner, as above, than if the same load is applied in the 
center of the slab; if the depth of the slab is the same 
at all points. Such a design is uneconomical because 
it does not fully employ the strength of the central por- 
tions of the slab; and in order that the central portion 
may carry a stress as great as the edges it has been 
found that the center depth should be approximately 
seven-tenths of the edge thickness. 

On this basis the uniform-depth design, previously 
described would be modified as follows: 

Assuming— 

9,000-pound wheel load. 
1:2:3% mix, 28 days old. 
— stress in normal concrete 293 pounds per square 
inch. 
Allowable stress in Vibrolithic concrete—=335 pounds per 
square inch. 
Center thickness=0.7 edge thickness. 
Edge thickness by the corner formula: 
9.6 inches for normal concrete. 
9.0 inches for Vibrolithic concrete. 
Center thickness: 
6.7 inches for normal concrete. 
6.3 inches for Vibrolithic concrete. 

For an 18-foot pavement with the thickened edge 
disappearing 2 feet from the edge, the following volumes 
of concrete are required: 


Per lineal yard of pavement: Cubic yards 
Normal _- : ; Sa 
Vibrolithic 3 . &e 
Difference _ Dia a 


SLABS OF SAME CROSS SECTION BUT DIFFERENT MIXES 


Using the second method, equal strength in slabs of 
the two types may be obtained by employing different 
mixes, and typical data for such alternate designs are 
supplied directly by this investigation. 

he following table gives the average modulus of 
rupture of the various mixes of the two types at 28 
days and 1 year: 
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Average modulus of rupture 
pounds per square inch) 


Mix 28 days 1 year 

Normal Vibrolithic Normal Vibrolithic 
1:144:3 624 723 
1:2:3.. 595 613 
1:2:34%4-- 586 669 620 782 
> 507 579 595 748 
1:144:34% 708 917 
1:2:444 78 673 


From these values it will be seen that the following 
mixes have approximately equal flexural strength: 


28 days—1:2:3% normal and 1:2:4'% Vibrolithic 
1 year—1:114:3 normal and 1:2:4 Vibrolithic 


As the equivalent designs, in this case, are of {the 
same thickness there is no difference in the amount of 
concrete used; but the proportions of cement, sand, 
and stone are different, and hence there is a difference 
in cost. 

To estimate the difference in cost, the quantities of 
materials required to produce 1 cubic yard of mixed 
concrete of the several mixes must be determined and 
a very satisfactory formula for making this determina- 
tion has been advanced by Stanton Walker.® This 
formula is based on the assumption known to be prac- 
tically correct—that the volume of concrete produced 
by the mixture of cement, and fine and coarse aggregate, 
and water in given proportions is equal to the com- 
bined solid volumes of each of the ingredients. 

Thus, if the number of 1-cubic foot sacks of cement 
entering into a cubic yard of concrete of given mix be 
designated as JN, and if 


x=the ratio of the volume of mixing water to the 
volume of cement (water-cement ratio) ; 

W,=the weight of fine aggregate, in pounds, used with 
one sack of cement; 

W.=the weight of coarse aggregate, in pounds, used with 
one sack of cement; and— 

S,; and S,=the apparent specific gravities of the fine and coarse 

aggregates, respectively. 


And, finally, the volume of voids in a 1-cubie foot 
sack of cement being approximately 0.5 cubic foot, 
Mr. Walker’s formula is expressed as follows: 


NW, . NW. 


: oe _=27 cubic feet. 
62.5 Sy 62.5 S- 


0.5N+ Nz4 
Or 









62.5 S;' 62.68. 

Using this formula the quantities of materials re- 
quired to produce 1 cubic yard of mixed concrete of 
each of the mixes tested in this investigation are as 
follows: 


6 WALKER, STANTON. ESTIMATING QUANTITIES OF MATERIALS FOR CONCRETI 
Bull. No. 1, National Sand and Gravel Association, Washington, D. C. 









October, 1927 


Quantities of materials required for one cubic yard of mixed concrete 











Mix 
1:1! 1:124:3144| 1:2:3 1:2:314 1:2:4 1:2:4} 
Cement, sacks 6. 82 6. 31 6.18 5.73 5.35 00 
Sand, cubic yi ards_ . 38 .35 46 .42 . 40 37 
Stone, cubie yards . 76 . 82 69 74 79 &3 
In calculating the above quantities the average 






water-cement ratio actually used in the test slabs was 









employed. ‘These values were: 

Mix AV : ill test 
1:1%:3 0. 72 
1:144:3% ag 

ee he ae . 82 
1:2:3% 86 
1:2:4 . 90 
1:2:4 













. 95 





Using the above quantities and assumed unit prices 
of the several materials (average current figures taken 
from a monthly tabulation by the Engineering News- 
Record), the cost per cubic yard of concrete of each 
mix may be calculated as follows: 


Cost of materials per cubic yard of concrete 


Material 





Cement, $0.57 per sack - $ 
Sand, $1.34 per cubic y ard. 51 47 . 6 
Stone, $1.83 pe? cubic yard 1.39 1. 50 1. 26 












Total ‘ 5. 7 5. 57 









Using these costs we may now make an approximate 
estimate of the comparative costs of the mixes of equiv- 
alent strength, above indicated. 

Thus 








Mixes of equivalent 


Mixes of equivalent 
strength: 


strength: 
















Normal, 1:2:314... $5. 18 Normal, 1 ‘3... $6.78 
Vibrolithic Vibrolithic, 1:2:4 5. O4 
1:2:4% 187 
Difference 74 
Difference ol 
Reduced to a square yard basis for an 8-inch pave- 





ment this difference becomes $0.069 and $0.164 for the 
28-day and 1-year strength values, respectively. 

These figures do not include any fabrication costs 
but, except for the cost of finishing after the concrete 
is plac ed, such costs would be the same for the two 
mixes compared. 

To determine exactly what the difference would be 
it would be necessary to have these costs of the finish- 
ing operation by each of the two methods. 
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Other material prices would also influence the com- 
parison somewhat and the above calculations simply 
show the approximate cost relation and illustrate one 
method of making practical use of these test data. 

The purpose of the foregoing discussion has been 
to point out two methods by which the highway engi- 
neer may make practical use of data such as are included 
in this report. The designs employed in the calcula- 
tions are typical and the unit values are averages, 
so that the comparisons of the two types of concrete 
are valid with respect to the particular materials and 
methods of finishing employed in these tests. It would 
not be proper to assume, however, that the particular 
comparisons are valid with respect to the two types of 
concrete produced under other conditions. 


Continued fron 
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Fic. 48.—MomeEnNtT, SHEAR AND Loap Curves DEVELOPED 
GRAPHICALLY FROM TyPE DEFLECTION CURVE ON AXIS 
NoRMAL TO I BEAMS FOR 30,000-PouND Loap. THE 
ORDINATES SHOWN ARE PROPORTIONAL TO MOMENTS IN 
FooT-POUNDS, SHEAR IN Powunpbs, Etc. THE ABSOLUTE 
VALUES ARE DEPENDENT UPON THE SCALES USED 

By exercising proper care in the selection of the 


scales, successive curves may be developed from whic h, 
by giving due consideration to the variables for any 
individual slab, 
vive the moment 
axes of the slab. 


ordinates may be scaled which will 
, shear, and load at any point on the 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in which they are 
particularly interested. The Department can not undertake to supply complete sets 
nor to send free more than one copy of any publication to any one person. The editions 
of some of the publications are necessarily limited, and when the Department’s free supply 
is exhausted and no funds are available for procuring additional copies, applicants are 
referred to the Superintendent of Documents, Government Printing Office, this city, who 
has them for sale at a nominal price, under the law of January 12, 1895. Those publica- 
tions in this list, the Department supply of which is exhausted, can only be secured by 
purchase from the Superintendent of Documents, who is not authorized to furnish pub 


t 


lications free 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 


DEPARTMENT BULLETINS 


No. 105D. Progress Report of Experiments in Dust Prevention 


and Road Preservation, 1913. 


*136D. Highway Bonds. 20c. 

220D. Road Models. 

257D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

*314D. Methods for the Examination of Bituminous Road 
Materials. 10c. 

*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10e. 

*370D. The Results of Physical Tests of Road-Building 
Rock. 15c. 

386D. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 

387D. Public Road Mileage and Revenues in the Southern 
States, 1914. 

388D. Public Road Mileage and Revenues in the New 


England States, 1914. 


390D. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 
407D. Progress Reports of Experiments in Dust Prevention 


and Road Preservation, 1915. 


*463D. Earth, sand-clay and gravel. 15e 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 5c. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

*§660D. Highway Cost Keeping. 10c. 

*670D. The Results of Physical Tests of Road-Building 


Rock in 1916 and 1917. 


5e. 


*691D. Typical Specifications for Bituminous Road Mate- 
rials. 10ce. 

*724D. Drainage Methods and Foundations for County 
Roads. 20c. 

*1077D. Portland Cement Concrete Roads.  15c. 

*1132D. The Results of Physical Tests of Road-Building 
Rock from 1916 to 1921, Inclusive. 10c. 


1259D. Standard Specifications for Steel Highway Bridges 
adopted by the American Association of State High- 
way Officials and approved by the Secretary of 
Agriculture for use in connection with Federal-aid 
road work. 


* Department supply exhausted 


1279D. Rural Highway Mileage, Income, and Expenditures, 
1921 and 1922. 


1486D. Highway Bridge Location. 
DEPARTMENT CIRCULARS 
No. 94C. TNT as a Blasting Explosive. 


331C. Standard Specifications for Corrugated 


Culverts. 


Metal Pipe 


MISCELLANEOUS CIRCULARS 


62M. Standards Governing Plans, Specifications, Contract 
Forms, and Estimates for Federal-Aid Highway 
I 


-rojects. 


93M. Direct Production Costs of Broken Stone. 

105M. Federal Legislation Providing for Federal Aid in 
Highway Construction and the Construction of 
National ] Roads and Trails. 


FARMERS’ BULLETINS 


No. *338F. 
*505F. 


Macadam Roads. 5c. 


3enefits of Improved Roads. 5c. 


SEPARATE REPRINTS FROM THE YEARBOOK 


4A, 


. *739Y. 
*S49Y. 
914Y. Highways and Highway Transportation. 


Aid 


toads. 5e. 


Federa to Highways, 1917. 5c. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL 
RESEARCH 

Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 

Vo 5, No. 19, D- 3. Relation Between Properties of Hardness 
and Toughness of Road-Building Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 


Concrete Slabs 
Loading. 

Tests of a Large-Sized Reinforced-Con- 
crete Slab Subjected to Eccentric Con- 
centrated Loads. 


Under Concentrated 


Vol. 11, No. 10, D—-15 
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